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Abstract
The local microenvironment of hematopoietic stem cells (HSCs) in the bone marrow -referred to
as stem cell niche- is thought to regulate the balance of stem cell maintenance and dierentia-
tion by a complex interplay of extrinsic signals including spatial constraints, extracellular matrix
(ECM) components and cell-cell interactions.
To dissect the role of niche ECM components, a set of well-dened matrix biomolecular coatings
including bronectin, laminin, collagen IV, tropocollagen I, heparin, heparan sulphate, hyaluronic
acid and co-brils of collagen I with heparin or hyaluronic acid were prepared and analyzed with
respect to adhesive interactions of human CD133+ HSCs in vitro. ECM molecule dependent ad-
hesion areas as well as fractions of adherent HSCs were assessed by reection interference contrast
microscopy and dierential interference contrast microscopy. HSCs, so far mostly classied as
suspension cells, exhibited intense adhesive interactions with bronectin, laminin, collagen IV,
heparin, heparan sulphate, and collagen I based co-brils. An integrin mediated adhesion on
bronectin and a L-selectin mediated adhesion on heparin pointed to specic interactions based
on dierent adhesion mechanisms. As a consequence of HSC adhesion to molecules of the vas-
cular and the endosteal regions, both regions were conrmed as possible stem cell niches and
adhesive signals were suggested as potential regulators of stem cell fate.
Furthermore, the impact of a spatially organized ECM on the HSC behavior was analyzed by sin-
gle cell tracking. These studies required the development of engineered three-dimensional, ECM
coated microcavities with the option for single cell tracking. A semi-automated cell-tracking
tool was established to accelerate data access from time-lapse image sequences. From this anal-
ysis it was possible to reveal the genealogy, localization, morphology and migration of single
HSCs over a time period of 4 days. A decreased cycling frequency was observed depending on
the HSC localization in the spatially constraining microcavities. Besides the revealed impact
of spatial constraints on HSC fate, the newly engineered ECM-coated microcavity setup and
the semi-automated cell tracking tool provide new options to study the cell fate in engineered
microenvironments at single cell level for other cell types ex vivo.

Kurzfassung
Die lokale Mikroumgebung von Blutstammzellen (BSZ) im Knochenmark, bezeichnet als Stamm-
zellnische, reguliert das Gleichgewicht von Stammzellerhaltung und -dierenzierung durch ein
komplexes Zusammenspiel von extrinsischen Signalen wie räumliche Beschränkungen, Kompo-
nenten der extrazellulären Matrix (EZM) und Zell-Zell Wechselwirkungen.
Um die Rolle der EZM-Komponenten zu analysieren, wurden denierte Beschichtungen von Fi-
bronektin, Laminin, Kollagen IV, monomerem Kollagen I, Heparin, Heparan Sulphat, Hyaluron-
säure und Co-Fibrillen aus Kollagen I und Heparin oder Hyaluronsäure hergestellt und in vitro
bezüglich der adhäsiven Wechselwirkungen von humanen CD133+ BSZ untersucht. Die Adhä-
sionsächen und der Anteil adhärenter Zellen wurden in Abhängigkeit von der EZM-Beschichtung
mittels Reexions-Interferenz-Kontrast-Mikroskopie und Dierentieller Interferenz Kontrast
Mikroskopie bestimmt. BSZ, bisher als Suspensionszellen deniert, zeigten intensive adhäsive
Wechselwirkungen mit Fibronektin, Laminin, Kollagen IV, Heparin, Heparan Sulphat und den
Co-Fibrillen. Eine Integrin abhängige Adhäsion auf Fibronektin und eine L-Selektin abhängige
Adhäsion auf Heparin, wiesen auf spezische Wechselwirkungen hin, die auf unterschiedlichen
Mechanismen basieren. Aufgrund der Adhäsion von BSZ sowohl zu Molekülen der vaskulären als
auch der endostealen Knochenmarkregion, wurden beide Bereiche als mögliche Stammzellnische
bestätigt. Adhäsive Signale sind potentielle Regulatoren der Stammzellentwicklung.
Im Weiteren wurde der Einuss einer räumlich beschränkenden EZM auf das Verhalten der BSZ
durch Einzelzellverfolgung untersucht. Diese Studien erforderten die Entwicklung von dreidimen-
sionalen EZM-beschichteten Mikrokavitäten, die das Verfolgen einzelner Zellen ermöglichten.
Es wurde ein halbautomatischer Algorithmus für die Zellverfolgung etabliert, um die Daten-
generierung von den Zeitreihenaufnahmen zu beschleunigen. Die Analysen ermöglichten Aus-
sagen über die Genealogie, Lokalisierung, Morphologie und Migration einzelner BSZ während
einer Analysenzeit von 4 Tagen. Eine verringerte Zellteilungsaktivität wurde in Abhängigkeit
von der BSZ Lokalisierung innerhalb der räumlich einschränkenden Mikrokavitäten festgestellt.
Neben diesen Erkenntnissen bieten die entwickelten Mikrokavitäten und die etablierte Einzelzell-
verfolgung neue Möglichkeiten auch andere Zelltypen auf Einzelzellniveau ex vivo zu untersuchen.
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Chapter 1
Introduction
Figure 1.1: Model of a HSC niche. Matrix molecules and supporting cells of the HSC niche stimulate
quiescence, self-renewal or dierentiative programs.
The capacity of self-renewal and dierentiation into specialized cell types makes stem cells unique
and bear a high potential for regenerative medicine. Hematopoietic stem cells (HSCs), the
best studied stem cell type, are clinically applied for stem cell transplantation in patients with
hematological malignancies. A prerequisite for an ecient HSC transplantation is a sucient
number of stem cells that migrate and engraft to the patient's bone marrow. The idea to use
the body's own cell material to overcome immune rejection is limited by the dierentiation of
HSCs in ex vivo cultures. However, despite the successful clinical application of HSCs, numerous
challenges must be overcome to take full advantage of the potential of HSCs in regenerative
therapies. Since the elaboration of the HSC niche concept in 1978 [139], a lot of knowledge was
collected on the function of extrinsic signals of the local microenvironment in determining HSC
fate. The specialized microenvironment of the HSC niche, which is located in the bone marrow
in adult humans, is thought to regulate quiescence1, self-renewal, and dierentiative programs
by its cellular and molecular components. A model of such a microenvironment is depicted in
Figure 1.1.
1quiescence: Cell cycle arrest, when the stem cell keeps its stem cell character.
2 1 Introduction
However, the complex interplay of niche cells and molecular components, including extracellular
matrix (ECM) molecules, is not yet fully understood.
With the aim to further dissect the niche function, several approaches were established in vivo and
in vitro. The majority of the current knowledge on the hematopoietic system originates from in
vivo mouse studies, which were translated well into human. Since the regulation of hematopoiesis
in humans and mice is dierent, in vitro experiments using human cell material are necessary.
Furthermore, in contrast to in vitro analysis, in vivo studies are time consuming, dicult to
access analytically and hard to interpret because of the increased complexity. Two dierent in
vitro experimental strategies were established. One promising approach consists of co-cultures
of HSCs with dierent cell types occurring in the niche. This experimental setup is based on
the idea to more closely simulate in vivo culture conditions, but increases the level of unknown
parameters inuencing cell fate decisions due to increased complexity. In contrast to co-culture
systems, mono-cultures of HSCs in direct contact with the ECM might never exactly mimic the
in vivo stem cell niche, but provide more dened cell culture conditions and the option of a step
by step niche reconstruction. Biomaterials research including surface engineering allows for a
reproducible ECM binding with dened conguration and density, and provides the possibility
of a three dimensional (3D) organization of matrix molecules in order to increase their impact
on cell behavior. Furthermore, technical advances and sophisticated experimental setups allow
for cell observation down to a single cell level, which will help to precisely identify the cellular
response to certain niche signals. Figure 1.2 depicts the higher information depth at single cell
level in comparison to analysis at cell population level. While the observation of each individual
cell can answer for instance the question if a cell undergoes self-renewal or dierentiative division
or apoptosis, a cell population approach can only account for resulting numbers of dierentiated
cells or stem cells without providing information on the path followed by the cells to get there.
Figure 1.2: Stem cell capacity of self-renewal and dierentiation analyzed at cell population level and
single cell level.
The aim of this work was to analyze the interaction of HSCs with niche relevant ECM molecules
like bronectin, laminin, collagen I and IV, heparin, heparan sulphate and hyaluronic acid. The
extend to which the dierent ECM proteins and glycosaminoglycans (GAGs) inuence the adhe-
siveness of HSCs was analyzed in detail. To achieve this purpose, characteristic parameters, such
as the fraction of adherent cells, the adhesion area sizes, and the specic cell surface molecules
that mediate cell adhesion, were studied to reveal dierent adhesion mechanisms and their con-
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trol of cell fate decisions. As a result of these adhesion studies, ECM molecules that promote
HSC adhesion were identied and conceived to provide for a more in vivo like 3D arrangement
for HSCs. For cell fate studies under 3D ECM organization, appropriate scaolds mimicking
spatial constraints occurring in the stem cell niche and enabling dened matrix immobilization,
as well as cell observation at single cell level were designed. The single cell observation required
an in vitro tracking setup. Cell behavior was analyzed in terms of HSC genealogy, localization,




The following chapter will oer insights into the current debate on the HSC niche. Fundamental
knowledge on stem cells and in particular on HSCs and their interaction with the ECM is
summarized, and important molecules of the niche ECM are presented. In addition, technical
tools related to cell adhesion analysis and single cell tracking are introduced.
2.1 Stem Cells
This section provides an overview of the current knowledge about stem cells and their biology.
The stem cell microenvironment -the niche ECM- is introduced, including the idea on how
microenvironmental cues can inuence stem cell fate.
2.1.1 Biology of Stem Cells
The current understanding in stem cell biology was summarized recently by Verfaillie [154], and a
basic summary has been published in 2001 by Kirschstein and Skirboll [79]. Stem cells as such, are
characterized by the potential of self-renewing cell division, the ability to generate dierentiated
progenitor cells, and the capability of tissue regeneration in vivo. These properties suggest that
stem cells can repair or replace damaged cells and tissues, and thus have a promising therapeutic
potential in the treatment of many diseases like cancer or diabetes. For example, HSCs are used
for the treatment of cancers of the blood -leukemia and lymphoma. The uncontrolled proliferating
white blood cells are destroyed by radiation or chemotherapy. Thereafter, the patient receives
a bone marrow transplant or, more recently, a transplant of HSCs collected from the peripheral
blood of a matched donor with the aim to regenerate the blood system.
6 2 Theoretical Background
All cells in mammals originate from one single stem cell, the totipotent zygote. During em-
bryogenesis, this cell generates rst either pluripotent, so called embryonic stem cells (ESCs), or
non-pluripotent cells, which are cells of the extra embryonic tissues (placenta, umbilical cord).
ESCs originate from the inner cell mass of a blastozyst and dierentiate into cell types of the
three embryonic germ layers: ectoderm, mesoderm, and endoderm layer. Cells of these layers
are pluripotent and give rise to all kinds of cells constituting an adult organism. As a result
of further specication, the limitation in dierentiative ability increases and nally these cells,
termed multipotent, can only generate tissue specic cells. In contrast, unipotent stem cells can
only generate cells of one type, as for example spermatogonial stem cells. Figure 2.1 depicts the
dierentiation of human tissues from one single totipotent stem cell.
Figure 2.1: Dierentiation of human tissues. The zygote, or fertilized egg, is totipotent and generates
all the cells and tissues that make up an embryo. Pluripotent embryonic stem cells are derived from the
inner cell mass of the blastocyst and give rise to multipotent cells derived from the ectoderm, mesoderm or
endoderm germ layer. Stem cells in adult organisms dierentiate along only one lineage, called unipotent
stem cells. Scheme modied after [79, 159].
A phenomenon called adult stem cell plasticity of multipotent stem cells demonstrates that stem
cell biology is currently not completely understood [172]. This phenomenon brings into question
the tissue restricted dierentiation of multipotent stem cells, since it has been shown that cells
can dierentiate into cells of other tissues. Possible explanations for this phenomenon are cell
de-dierentiation, persistence and delayed dierentiation of pluripotent stem cells, cell fusion of
a donor cell with resident cells in an organ, or even the presence of microenvironmental cues that
drive cells to dierentiate into cells of other tissues. Furthermore, it has been shown that adult
human cells can be reprogrammed into pluripotent cells by genetic modication [8]. If these cells,
called induced pluripotent stem cells (iPS), have embryonic stem cell properties remains an open
question, but they oer incredible tools for basic research and possibly for clinical application.
Another characteristic of adult stem cells is that they underlie an aging process. With age, skin
and lung tissue loses its elasticity, bones turn brittle and injuries heal more slowly. The aging
process is caused by a reduced number of stem cells, a slowed cell cycle, and a modied potential
of stem cell-dierentiation. In case of HSCs, aging results in an enhanced dierentiation towards
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the myeloid lineage compared to the lymphoid lineage [158]. It is still unknown, if this change
with age is determined by intrinsic factors (DNA replication defects) or by extrinsic factors like
the aging of the HSC microenvironment.
2.1.2 The Stem Cell Microenvironment
In vivo, adult stem cell microenvironments or stem cell niches are anatomically organized. Moore
and Lemischka summarized in 2006 the knowledge on specialized microenvironments where dif-
ferent types of stem cells in adult mammalians might originate from [105]. For instance, the
HSC niche is located in the bone marrow, the niche of hair follicle stem cells might be located
in the hair follicle, and the intestinal stem cell niche in the small intestine. All these stem cell
microenvironments are interactive structural units that trigger cell fate decisions by molecular
and cellular interaction in the right place at the right time.
With the aim to understand key niche components and interactions to control the stem cell fate,
several in vivo and in vitro studies were performed. Discher et al. [30] highlighted that the ECM
inuences the stem cell fate in vivo. The ECM, secreted by stem cells or niche cells, can bind
growth factors that stimulate stem cell dierentiation or self-renewing, and regulate growth factor
concentration, and activity. Furthermore, the ECM enables cell adhesion, which is essential for
viability of, for example, mesenchymal stem cells (MSCs) and ESCs. Additionally, cells adherent
to the ECM generate force or are exposed to force depending on the ECM elasticity. Both force
generation and force exposure activate outside-in and inside-out signaling and, therefore, trigger
stem cell fate decisions. In this context, the potential of cell-ECM interactions is of high interest
in controlling the development of stem cells in vivo as well as in vitro. Experiments including
varying ECM elasticity revealed elasticity dependent changes in cell migration, proliferation, and
dierentiation. It was found, that cells sense ECM elasticity by contractile forces during cell ad-
hesion. In case of MSCs, a stier microenvironment induces dierentiation into stier bone cells;
a neurogenic dierentiation was observed on soft, brain-like materials, a myogenic dierentiation
on intermediate stiness materials mimicking muscle tissue, and an osteogenic dierentiation on
relative sti - bone-like materials [36].
Other in vitro studies demonstrated the impact of cell-shape control on cell fate. Encapsulation
or pelleting of cells inhibited cell dierentiation, in contrast to cultures on at substrates that
promoted cell dierentiation [52]. Interestingly, this eect can be further modied by imple-
menting growth factors or ECM molecules within these articial 3D cultures. In such cultures,
stem cells react with an upregulation of specic genes or enhanced ECM production compared
to unmodied 3D cultures. Cell shape changes are associated with the re-organization of the
actin cytoskeleton and adhesive contacts. The complete regulatory mechanism still needs to be
determined [100].
Due to the fact that cells can even sense their microenvironment in a geometrical manner, the
substrate nanotopography is suggested to regulate the stem cell fate as well. MSCs grown on
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nanoscale grooves of 350 nm width aligned their cytoskeleton along this grooves and reacted with
an enhanced neurogenesis[168]. The underlying mechanism by which cells can sense substrate
topography is not yet completely understood. It is assumed that changes in the feature size of the
substrate may inuence the clustering of integrins and therefore induce changes in cytoskeletal
organization and structure [52].
Since the in vivo stem cell niche is not only composed of ECM molecules but also of niche
cells, several in vitro approaches exist, which are based on co-cultures using important niche
cells and the stem cell of interest. Although these approaches can mimic the in vivo niche more
eciently and help to unravel cell-cell interactions, it is left with a major drawback for a better
understanding of the niche microenvironment: The interplay of many processes in those rather
complex systems hardly permit to conclude on the impact of certain parameters, such as growth
factor signaling, and type and number of cell-ECM and cell-cell contacts. Therefore, this work
focuses on a matrix engineering approach in order to study the interaction of HSCs with ECM
bio polymers in well-dened model systems. Figure 2.2 summarizes the main factors of the stem
cell microenvironment inuencing stem cell fate decisions and depicts the experimental approach
of this work.
Figure 2.2: The stem cell microenvironment. In a specialized microenvironment -referred to as stem
cell niche- the stem cell fate is inuenced by cell-cell, and cell-ECM interactions, by the tissue elasticity,
and by the surrounding tissue geometry and topography. The ECM includes dissolved and surface-bound
proteins, GAGs, and growth factors. The experimental approach of this work is focused on the use of
ECM coated planar and 3D-like surfaces to analyze cell adhesion and cell fate.
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2.2 Cell Adhesion in Stem Cell Development
As highlighted in subsection 2.1.2, cell-ECM as well as cell-cell interactions play an important
role within the stem cell niche. The present study is focused on cell-ECM interactions, and this
section will introduce the reader to the current knowledge in the eld. Cell-ECM interactions are
performed by cell adhesion. Therefore, important adhesion receptors and ligands are summarized,
including the general structure and function of the ECM. Furthermore, cell adhesion signaling
and cell adhesion quantication are introduced.
Cell adhesion to the ECM is a dynamic process of interactions between adhesion receptors and
ligands that contributes to cellular integrity in tissues and inuences tissue properties. Depending
on ligand density and spatial distribution, the cell adhesion process is regulated and activates
or deactivates intracellular signaling pathways. Therefore, cell adhesion plays an important
role in stem cell development and has been reviewed for regulating cell survival, proliferation,
dierentiation and cell-cycle progression [26, 157].
2.2.1 Adhesion Receptors
The family of adhesion receptors is divided into receptors for proteins (including integrins, cad-
herins and members of the immunoglobulin superfamily), receptors for carbohydrates (selectins,
and sialoadhesin as a member of immunoglobulins), and receptors for other molecules. Adhe-
sion receptors are transmembrane cell surface molecules that interact with cell- or matrix-bound
molecules or with soluble factors of the cellular microenvironment. Their intracellular connection
to components of the cell cytoskeleton enables an inside-out and outside-in signaling. How these
interaction can regulate the fate of HSCs is discussed in subsection 2.3.3.
Protein Binding Adhesion Receptors
The most important and most studied group of adhesion receptors for proteins are integrins.
Much eorts have been made to analyse integrin mediated adhesion [40, 47, 67, 149], contributing
to the fundamental knowledge about these adhesion receptors. In the human system, 24 dierent
integrins are known that act as cell inside-out and outside-in signaling molecules. The molecular
structure of integrins is a non-covalent association between an a-unit and a b-unit that form a
cytoplasmic, a transmembrane and a extracellular domain. In general, integrins are presented in
a non-activated state with low anity to the cell surface, which will be shifted to a high anity
state upon conformational changes and/or integrin clustering. Figure 2.3 depicts the human
integrin family, their main compartments and their activation mechanisms with dierent anity
states.
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Figure 2.3: The human integrin family with known combinations of α- and β-subunits (A). The integrin
activation mechanism with dierent anity states and the corresponding molecular conguration (B).
Main compartments of an integrin molecule are depicted. Figure modied after [40].
18 a- and 8 b-subunits forming 24 dierent integrins are known from the human system. Some of
these subunits can associate with several partners, as one can see in Figure 2.3 A for a4, a6, aV
subunits. Figure 2.3 B depicts, that the extracellular domain of the integrins consists of a ligand
binding head and two exible legs connected by a knee. Based on electron microscopic studies of
the aVb3 integrin, the model of the integrin activation mechanism was analyzed. Following inte-
grin clustering, conformational changes of the extracellular integrin domain or phosphorylation of
the cytoplasmic integrin domain, functional adhesion is initiated. Low anity, characterized by a
bent conguration of the integrin molecule, is shifted to intermediate anity through molecular
extension. A high anity state requires further opening of the head piece (see arrow in Figure
2.3 B) of the integrin, but, it is not clear so far, if extension is needed in order to exhibit high
anity.
Outside-in and inside-out signaling function with dierent mechanisms. During outside-in signal-
ing conformational changes of the integrin molecule, triggered by adhesion ligand binding to the
extracellular integrin domain, transmit signals into the cell. On the other hand, inside-out sig-
naling activates intracellular signaling pathways and is caused either by non-integrin cell surface
receptors or by cytoplasmic molecules.
Other adhesion receptors for proteins are cadherins and members of the immunoglobulin (Ig) su-
perfamily. Cadherins are transmembrane glycoproteins of about 120 kDa with a long extracellular
domain, a single transmembrane domain and a small cytoplasmic tail. They play an important
role in calcium-dependent cell-cell adhesion [34, 99]. Cadherin mediated cell-cell interactions
occur between identical cadherins of neighboring cells and are regulated by extracellular signals
[71]. Igs are glycoproteins carrying an Ig-like domain and are mostly expressed at the cell surface
[83]. They act primarily as cell-cell adhesion molecules and the adhesive strength and stability
is not regulated by anity changes, as for integrins, but may depend on the prevalence of these
molecules at the cell surface, the type and extend of glycosylation and cis interactions1. Igs
1cis interactions: Interaction between molecules of the same cell membrane.
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interact with Igs, integrins or glycoconjugates of neighboring cells. The molecular structure of
Igs is similar to cadherins, consisting of a long extracellular domain, a single transmembrane
segment, and a cytoplasmic tail [73]. An important member of these group is PECAM-1, the
platelet endothelial cell adhesion molecule also called CD31, which was mentioned as a receptor
for ECM heparin or heparan sulphate in the HSC system [161].
Since this work is focused on cell-ECM interaction, the reader is advised to the cited literature
for more detailed information on these adhesion molecules.
Carbohydrate Binding Adhesion Receptors
Members of adhesion receptors for carbohydrates are selectins and sialoadhesin, the latter re-
lated to the Ig superfamily. Selectins are lectin-like adhesion molecules classied into L-, E-,
and P-selectins, referred to as leukocyte adhesion molecule, endothelial cell adhesion molecule,
and granule membraneprotein-140, respectively [34, 73]. Their molecular structure comprises an
amino-terminal domain that is homologous to calcium-dependent animal lectins, and a following
epidermal growth factor-type domain, a transmembrane segment, and a short cytoplasmic tail.
They mediate heterotypic cell-cell interactions through calcium-dependent recognition of sialy-
lated glycans. It was observed that L-selectin interacts with the cytoskeleton forming complexes
of vinculin and talin [119], and that L-selectin interacts with heparin, which is an ECM molecule
[150]. Furthermore, L-selectin is involved in the process of leukocyte rolling on endothelial sur-
faces [18]. Sialoadhesin is a macrophage-restricted transmembrane molecule that binds sialic acid
containing cell surface glycans. Its molecular weight is about 185 kDa. The long extracellular
domain contains 17 Ig-like domains followed by a transmembrane segment and a short cytosolic
tail [21, 22].
Adhesion Receptors Binding Other Molecules
Other molecules exist, serving directly or indirectly as cell-ECM adhesion receptors, which are not
classied within the two groups described above. One of these molecules is c-kit, the receptor of
the stem cell factor (SCF). Primarily the c-kit - SCF interaction serves as growth factor signaling,
but one should mention this interaction due to the fact that growth factors like SCF are bond
and presented by ECM glycosaminoglycans [6]. Another example is the cell surface glycoprotein
CD44, a receptor of hyaluronic acid [34] and a member of protein tyrosin phosphatases CD45
that interacts with heparin [108].
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2.2.2 Adhesion Ligands
Ligands of cell adhesion receptors are molecules of the ECM including matrix proteins, gly-
cosaminoglycans (GAGs), as well as cell-cell adhesion receptors, as introduced in subsection
2.2.1. While most of the matrix proteins present specic cell binding sites for integrin mediated
cell adhesion with high anity, some matrix proteins can also promote cell adhesion with less
anity by a heparin binding site that is mediated by cell-surface bound heparan sulphate or
chondroitin sulphate. On the other hand, GAGs of the ECM indirectly mediate cell adhesion by
growth factor binding or cell surface expressed selectins. In general, proteins and GAGs interact
with each other as well forming a complex, tissue-specic network of dened density, composi-
tion, stiness, and topology - the ECM. In the following, the ECM as such is introduced, and
adhesion ligands relevant for HSCs will be described. Figure 2.5 depicts the main structure and
binding sites of the ECM molecules.
Structure and Function of the ECM
Figure 2.4: The macromolecular organization of the ECM. Cells are in close contact to components of
the ECM (collagen, bronectin, laminin, and proteoglycan). The cell-ECM contact is often mediated by
cell-surface integrins. The ECM molecules bind to each other and regulate the conditions of the cellular
microenvironment. Image source: http://219.221.200.61/ywwy/zbsw(E)/pic/ech4-1.jpg; 05.01.2010
The ECM is composed of cells, proteins and GAGs dependending on the location within the
body. Strong interaction of all these components control the mechanical properties of the tissue
in question, and regulate cellular behavior by inuencing cell proliferation, shape, migration
and dierentiation. Figure 2.4 demonstrates the complex network forming the ECM in general,
where transmembrane adhesion receptors such as integrins are in close contact to extracellular
molecules like collagen, bronectin, laminin or proteoglycanes. Since there is a wide-range of
ECM molecules, the matrix molecules presented in the following subsections are limited to a
certain number of proteins and GAGs relevant for the HSC niche. These specic niche molecules
are introduced with respect to their chemical structure, their ECM binding sites as well as their
cell binding sites, and their function within the ECM network. The physiological niche conditions
as well as the inuence of these matrix components on the HSC fate is described in detail in
subsection 2.3.3 and 2.3.4.
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Proteins of the ECM
Fibronectin (FN) is a glycoprotein dimer with a molecular weight of roughly 450 kDa. The FN
monomers are covalently linked at their C-termini by a pair of disulde bonds and consist of
three types of repeating units: type I, type II and type III [118] and three principle cell-binding
domains, which are the RGD sequence recognized by integrin a5, the a4 binding domain CS1, and
the heparin-binding domain [153, 118] (see Figure 2.5). Additionally, it also contains a binding
site for unfolded regions of the collagen triple helix, formerly believed to bind only denatured
collagen [118]. A study described in reference [89] demonstrates a thermal instability of the
triple helix of collagen I from human lung, which tends to unfold locally at body temperature,
revealing that this collagen binding domain can attach native collagen in vivo [118]. The human
FN molecule exists in 20 isoforms that arise from alternative splicing [118]. FN is divided into
soluble plasma FN and less-soluble cellular FN. The soluble FN is present in the human plasma
at a concentration of 0.3mg·ml-1 [68].
Laminins (LNs) are glycoproteins of about 800 kDa consisting of 3 dierent chains termed a, b
and g. Figure 2.5 shows the typical cross shape of a laminin molecule (in the example, laminin
10), which in general has a long arm of about 80 nm formed by one of the a-, b-, and g-chains,
and two or three short arms of 25 - 40 nm in length consisting of a single chain [83]. Common
to all chains is a coiled-coil domain close to the C-terminal end that is crucial for heterotrimer
assembly in the long arm of the LN molecule. Within this region, all three chains form an a-helix
by hydrophobic and polar interactions. Currently 5 dierent a-chains, 3 b- and 3 g- chains are
known that generate 12 dierent LN isoforms in combination [141]. As depicted in Figure 2.5,
two cell binding sites exist in the human LN a5-chain, one at the N-terminal domain VI of the
short arm that interacts with integrin a3b1, and one at the long arm at the C-terminal globular
(G) domain 1-3 that interacts with the integrins a3b1 and a6b1. Heparin binding sites are located
at domain VI as well and at the G domain 4.
Collagens are the most abundant form of ECM proteins. Within the complex network of the
ECM, the primary function of collagens is to form and stabilize the structure. Based on their
molecular properties, collagenous proteins are divided into brillar collagens, bril-associated
collagens, beaded lament, anchoring bril, network-forming and transmembrane collagens. All
collagens have domains with triple-helical conformation that are formed by three a chains [83, 78].
In vertebrates, 43 dierent a chains form 28 collagen types (type I-XXVIII) [78]. In the following,
type I collagen (CI), as a member of brillar collagens, and type IV collagen (CIV), as a member
of network-forming collagens, will be described in detail.
Seven types of collagens form the group of brillar collagens. Fibrills of CI are formed by
tropocollagen (tropoCI), a molecule consisting preferably of two a1 and one a2 chain. As shown
in Figure 2.5, the tropoCI molecule is a 300 nm heterotrimer and to form a CI bril, the tropoCI
molecules overlap at their ends by about 30 nm and are arranged in quarter-staggered arrays.
The brils nally have a periodic structure with 67 nm long repeating units [83].
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Figure 2.5: Structure and binding sites of adhesion ligands, including proteins and GAGs important
within the HSC niche. References of molecule structures: FN [118, 153], LN [54, 148], CI [78], CIV [147],
HE and HS [16], and HA (supplier's information).
Three types of collagenous molecules are part of the network-forming collagens. The CIV
molecule is formed by six homologous a chains (a1 - 6) that assemble in three dierent pro-
tomers (a1a1a2, a3a4a5, a5a5a6). These protomers further assemble into the CIV network by
tetrameric and dimeric associations [78, 147]. Figure 2.5 shows an example of one of these
trimeric molecules, which are characterized by a long central collagenous domain, a 7S domain
at the N-terminus and a globular NC1 trimer at the C-terminus. The networks formed by CIV
are completely dierent from brillar collagens. Separate molecules are covalently cross-linked
within laterally associated domains where the 7S domains form tetramers, or they are connected
by end-to-end interactions where NC1 domains form dimers. CIV, as a main component of the
basement membrane, strongly interacts with LN and binds heparin and heparan sulphate proteo-
glycan. The heparin-binding site has the potential to interact directly with cell surface heparan
sulphate proteoglycans [90]. Indirect interaction of LN with cells also accurs [83].
GAGs of the ECM
GAGs are polysaccharides that strongly inuence the structure and molecular interactions of
the proteins to which they are attached [83]. Each GAG is synthesized from two alternating
monosaccharides and, except for hyaluronic acid (HA), carries a short linkage region that enables
attachment to serine residues of protein cores to form proteoglycanes. In the following, heparan
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Table 2.1: Adhesion receptors and their ECM ligands, important for cell-ECM interactions. Integrins
and their ligands were summarized from [149], other adhesion receptors and ligands, as well as the receptor







a2b1 laminin, collagen, thrombospondin [131]
a3b1 laminin, thrombospondin
a4b1 bronectin, thrombospondin, osteopontin [84, 151]
a5b1 bronectin, thrombospondin, osteopontin [84, 151]
a6b1 laminin, thrombospondin [126]
a7b1 laminin
a8b1






aMb2 brinogen, heparin [142]
aXb2 brinogen, heparin, collagen
aDb2 bronectin, brinogen, vitronectin
aIIbb3 bronectin, brinogen,thrombospondin, vitronectin
aVb3






L-selectin [150] heparin [84, 151, 142]
CD31 heparin [84, 151]
CD36 [146] collagen, thrombospondin [151]
CD44 [34, 113] hyaluronic acid, osteopontin [151, 142]
CD45 [108] heparin [142, 108]
sulphate (HS) and HA will be described in detail, as they are important molecules of the
hematopoietic ECM. Heparin (HE), as a cheaper substitute for HS, is introduced as well. The
main disaccharide units of HS and HE, and HA are depicted in Figure 2.5.
Powell et al. [125] nicely described the slight dierences of HS and HE, which were falsely
thought to be synonymous for a long period of time. While HE is found only in the granules of
connective tissue mast cells, HS is present on the cell surface or in the ECM of various tissues,
preferably as a HS proteoglycan connected to several core proteins [83, 125]. Furthermore, both
GAGs dier in their degree of sulfation, with HS displaying lower N- and O-sulfation than HE.
In average, HS caries 1 sulfo group per disaccharide unit and HE carries 2.7 sulfo groups per
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disaccharide unit [16]. Unlike chains of HE, chains of HS have a domain structure consisting of
regions with very low sulfation, and small but high sulfated regions. The molecular weight of HS
(ca. 30 kDa) is in general higher compared to HE (ca. 15 kDa) [16]. In contrast, HA is a much
larger GAG of about 5000 kDa [56]. HA is an unsulfated and widespread polysaccharide that
serves as a structural component of the ECM and inuences cell behavior when it is attached by
its cell surface receptors RHAMM and CD44, or when newly synthesized HA is available inside
the cell membrane [83]. Networks formed by HA are highly viscous, encompass high volumes of
water, and eect molecular exclusion by a strategy similar to encapsulation.
Table 2.1 gives an overview of adhesion receptors and their ligands that are relevant for cell-ECM
interactions, as published for integrins in [149]. The cell surface expression of these receptors by
HSCs can be found in the references given in the table.
2.2.3 Cell Adhesion Regulation and Signaling
Cell adhesion to the ECM not only contributes to tissue integrity, but also enables microenviron-
mental sensing by the crosstalk of matrix bound adhesion receptors with the cell cytoskeleton.
Geiger et al. reviewed the current knowledge on such sensing based on integrin mediated adhe-
sion and the forces generated by the integrin-cytoskeleton complex [46]. Interestingly, integrins
are unique in that they connect intracellular networks to extracellular networks, and therefore
act as both the input and the output modules. Adhesion complexes formed by the cytoskeleton,
cytoskeleton-associated integrins, and signaling molecules regulate cell anchoring, locomotion,
substrate deformation and matrix remodeling. The operational system of the actin machinery
and integrin-mediated adhesion is depicted in Figure 2.6.
Actin polymerization as well as myosin2 II-dependent contractility following cell-ECM adhesion
generate forces that aect specic mechanosensitive proteins in the actin-linking module, the
receptor module, the actin-polymerizing module and the signaling module (see step 1 in Figure
2.6). In the second step, these interacting modules form a mechanoresponsive network. Its
impact on the actin cytoskeleton depends on the response to interactions with the ECM and
to applied mechanical forces. The stimulation of the signaling module leads to activation or
inactivation of small G proteins3 in step 3. G proteins mediate actin polymerization and myosin
contractility by cytoskeleton-regulating proteins in step 4, which modulates the force-generating
machinery in step 5.
This system results in cytoskeletal modulations and in the generation of mechanical forces leading
to changes in cell shape and motility, to long-term changes in transcriptional regulation, cell
proliferation, dierentiation and survival [46].
2myosins: Family of motor proteins that move along actin laments, while hydrolyzing ATP.
3G proteins: Family of proteins involved in second messenger cascades.
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Figure 2.6: Actin cytoskeleton activation following cell-ECM adhesion. Cellular sensing of biochemical,
physical and topographical characteristics of the ECM is mediated by the interplay of adhesion receptors
with the actin cytoskeleton. Image taken from [46].
In this way the ECM regulates cell adhesion depending on the adhesion ligand identity, the
ligand density, and the ligand presentation [17], as well as depending on topology and elasticity
[52]. The importance of ECM cues in cell adhesion regulation and signaling, as already men-
tioned in subsection 2.1.2, was recently reviewed in [52]. Adhesion ligand organization initiates
cell shape distortion and may therefore trigger cellular development by proliferative or dieren-
tiative signals. The complex relation between ECM organization, cell shape distortion and cell
development was studied in detail by Ingber [69, 70]. Inspired by tensegrity architecture, Ingber
developed a model on how cell shape and cytoskeletal mechanics are controlled by extracellular
cues, and on how cells sense and respond to mechanical forces. Thereby, he introduced a model of
cellular tensegrity. As a result of in vitro studies using endothelial cells grown on adhesive islands
of dierent size, the cell development was observed to be dependent on ECM organization and
corresponding cell shape distortion. As depicted in Figure 2.7, cells adherent to small circular
islands undergo apoptosis, while large circular islands induce cell proliferation. In contrast, cells
grown on adhesive lines start to dierentiate.
The importance of mechanical and morphological signals was further supported in several studies
using other cell types with the implementation of the importance of adhesion ligand density and
spacing [88, 117], as well as the mechanical properties of the microenvironment [36]. Further-
more, the 3D ECM organization in comparison to 2D cell cultures further enhances cell-ECM
interactions [23, 57]. The particular importance of 3D-matrix adhesion for improved cell cul-
tures in vitro is linked to cell's more in vivo-like phenotype. Cukierman et al. [23] compared
broblasts cultured on a 2D matrix coating, a 3D cell-driven matrix organization, and a 3D
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collagen matrix coating. Since cell growth was 10-fold higher on a cell-derived 3D matrix, the
authors determined the specic contributions of matrix topography, molecular composition, and
mechanical properties to the ability of broblast adhesion to stimulate appropriate intracellular
signaling pathways.
Figure 2.7: Cell development triggered by ECM organization-dependent cell shape modulation. En-
dothelial cells were cultured on FN biofunctionalized micropatterned substrates with 25 or 50 µm diameter
or 10 µm wide lines. Constrained cells on small circular islands underwent apoptosis, cells on stripe-like
patterns dierentiated, and cells on large circular islands proliferated. Figure modied after [70].
2.2.4 Quantication of Cell Adhesion
With respect to the dynamic and reversible receptor-ligand interactions during cell adhesion, it
is a real challenge to completely dissect these complex processes. Considerable eorts have been
undertaken to quantify cell adhesion in the past. Several studies emphasize the measurement of
important parameters such as the adhesion strength and the number of receptor-ligand bonds
[104], the adhesion area [24], the expression of adhesion receptors [75], the receptor activation
[103, 129], and the receptor-ligand dissociation and association [116]. In this subsection, several
methods to quantify parameters of cell adhesion are described.
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Adhesion Area
The adhesion area, a parameter of cell adhesion, is frequently analyzed by reection interference
contrast microscopy (RICM). This optical method is described in detail by Schilling et al. [136].
Figure 2.8 depicts the optical principle of RICM. An important advantage of RICM is that the
measurement does not require any modication of the observed cells by uorescent dyes and can
be performed in situ.
Figure 2.8: Optical principle of reection interference contrast microscopy (RICM). The optical paht
(A), the formation of constructive and destructive interference with the resulting interference pattern (B)
and the function of a λ/4 plate (C) are depicted.
As shown in Figure 2.8 A, a cell is illuminated by monochromatic light, which is reected once at
the substrate surface (green arrow) and once at the cell membrane (orange arrow). Depending
on the distance between cell membrane and substrate, the reected light will interfere either
destructive or constructively resulting in an interference pattern (see Figure 2.8 B) that can be
used to reconstruct the cell membrane prole.
Because of the similar refractive indexes of the cell membrane (1.37) and the medium (wa-
ter=1.33) [145], resulting in a low reection-contrast, a l/4 plate is installed (see Figure 2.8 C)
to diminish the background scatter signals. The l/4 plate converts the linear polarized light into
circularly polarized light that has the property to change its direction of polarization in case of
reection. By passing the l/4 plate again, this light is converted into linear polarized light with
a turned polarization compared to the incident light. An analyzer allows that only this part of
the light reaches the detecting systems. Using this technique, Pierres et al. analyzed the kinetics
of contact extensions during rm cell adhesion [120].
Receptor-Ligand Specicity and Integrin Activation State
The specicity of receptor-ligand interaction in cell adhesion is commonly analyzed by experi-
ments in which the adhesion receptor of interest is blocked by an antibody. After cell cultivation
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on ECM coated surfaces and by comparing the number of adherent cells in blocked and non-
blocked cultures, the inuence of the adhesion receptor of interest can be estimated. Using this
method, a L-selectin mediated rm adhesion of HSCs to heparan sulphate proteoglycans [108]
and an a5b1 integrin derived broblast adhesion to FN [103] was demonstrated.
Several other studies used uorescence activated cell sorting (FACS) to analyze the activation
state of adhesion receptors. Therefore, specialized antibodies that detect dierent conforma-
tional states of integrins are required, as shown for a group of anti-b1 integrin antibodies (clone
Huts-4, -7, -21) and the anti-b2 integrin antibody (clone Kim127) [94, 129]. These methods are
easy to handle in contrast to time-consuming in vivo mouse experiments where, for example, the
tracking of transplanted HSCs with modied adhesion receptor expression to the bone marrow
is followed by green uorescent protein (GFP) [86].
Another promising strategy is to count the number of bound integrins using a combination of
cross-linking and extraction. The cross-linker couples ECM bound integrins, and a detergent
is used to remove cellular material including unbound integrins. Thereafter, the integrins are
released by cross-link cleavage and quantied using Western Blot. With this technique Garcia
et al. were able to demonstrate a linear relationship of ligand density, density of bound integrins
and cell adhesion strength [42]. The modication of this method, such that bound integrins are
not recovered for Western blotting but labeled with antibodies, allows for the quantication of
bound integrins by simple uorescence microscopy followed by image analysis. Combination of
biochemical and microscopical data can further enhance the information content and provide
data for adhesion strength measurements.
Other studies use more sophisticated uorescent microscope techniques. These techniques in-
clude total internal reection uorescence (TIRF) that allows for analysis of events within 100 nm
depth above the substrate. It enables photo activation (PA) and protein tracking within specic
areas and a reduced background noise. Other methods include uorescence recovery after photo-
bleaching (FRAP), which is used to analyze protein kinetics in cell membranes, and uorescence
loss in photobleaching (FLIP) as a complementary method to FRAP. Additionally, uorescence
resonance energy transfer (FRET) is used to measure molecular interactions, and uorescence
correlation spectroscopy (FCS) allows to study molecular ux, kinetics, and concentrations. For
further information, the reader is refered to the literature (for a review see [165]).
Adhesion Strength
A common and easy method to analyze cell adhesion strength is the so called wash assay. For a
certain time period, cells are grown on dierent ECM coated surfaces and the number of adherent
cells is compared after applying a hydrodynamic force by washing the surfaces. A big drawback
of this method is that the applied force is not reproducible and is undened.
On the contrary, centrifugal assays are more dened with respect to the applied force but are
usually limited in the forces that can be applied. In centrifugal assays cells are grown in ECM
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coated microtiter plates. After a certain time of cell culture, these plates are sealed and cen-
trifuged upside down, so that a dened centrifugal force is applied to each well at the same time.
For example see [93, 128]. Figure 2.9 depicts the general experimental setup. Force calculation,
as introduced by Reyes and Garcia [128], is described by Equation 2.1.
Figure 2.9: Adhesion strength analysis under centrifugal forces. The cells are seeded and attached to
ECM coated 96-well plates. The plates are sealed and centrifuged upside down. Counting cells before
and after centrifugation gives the fraction of adherent cells at the applied radius dependent centrifugal
force.
Fc = (ρcell − ρmed) · Vcell · ω2 ·
√
r20 + x2 (2.1)
In Equation 2.1, the radius dependent centrifugal force is calculated. Fc is the centrifugal force
in pN, r is the density of the cell (cell) (ca. 1.07 g·cm-3) and the medium (med) (ca. 1 g·cm-3),
V is the cell volume, w is the angular acceleration depending on the applied rotational speed, r0
is the radius of rotation, and x is the lateral distance from the center of the plate.
Other dened methods to analyze adhesion strength are rheological techniques including rotating-
disc devices as published by Schnittler et al. [138] and Garcia et al. [43], or ow champers as
used by Kaplanski et al. [74]. Both rotating disc devices are based on a specialized ow chamber
where a dened ow over adherent cells is generated by a rotating disc to detach the cells. The
advantage of Schnittlers method is the ability to follow online the number of adherent cells
using an integrated microscope, and the nearly radially independent force application by the
used rotating cone plate. The adhesion strength is quantied in terms of applied shear stress.
Figure 2.10 depicts the assembly of the ow chamber and Equation 2.2 the calculation of the
applied shear stress. The parameters in Equation 2.2 are: t the resulting shear stress (Pa), h the
viscosity of the medium (ca. 719.6 µPa·s), f the respective cone frequency, and a the cone angle
(2.5°).
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Figure 2.10: Adhesion strength analysis under shear stress. Principle according to Schnittler et al.
[138]. The applied shear stress is radius independent because of the inserted rotating cone plate.
τ = η · 2π · f
tanα
(2.2)
A study using an erythroleukemia cell line revealed a direct proportional correlation between
the a5b1 integrin-FN mediated adhesion strength and the number of receptor-ligand bonds [44].
Furthermore, the direct proportional correlation was independent of the seeding time (in a range
of 5 to 15min) and of the cell density (ranging from 200 to 800 cells per mm²). Non-specic
adhesion by electrostatic interaction was observed at detachment forces below 1Pa on uncoated
surfaces or after cell treatment with adhesion-blocking antibodies, while specic adhesion was
observed at detachment forces of around 6Pa on surfaces with 125 ng·cm2 adsorbed FN.
Furthermore, cell adhesion strength as well as adhesion receptor-ligand interactions can be stud-
ied by force-spectroscopy using atomic force microscopy (AFM). In comparison to centrifugal
assays and rotating-disc devices, the AFM can operate at single cell, and even at single molecule,
level. The detectable forces are in a range from 10 pN to 106 pN [58]. For example, the rupture
force between a2b1 integrin and CI was 65 pN and between the a5b1 integrin and FN was in a
range from 35 to 80 pN. Between glycan molecules, the cell-cell adhesion force was observed to
be in a range of 190 - 310 pN [14].
Finally, to enable a comparison between the resulting detachment force directly assessed by cen-
trifugal assays or AFM experiments, and the resulting detachment shear stress assessed by a
rotating-disc device, the shear stress need to be converted into a force applied per cell. Gallant
et al. [41] conducted an engineering analysis of an adherent cell resisting the applied hydro-
dynamic forces under shear stress (see Figure 2.11). This approach considers a spherical cell
(radius R) adhering to a micropatterned island (diameter 2a). The force equilibrium includes
a hydrodynamic shear force (Fs) and a torque (Ts), which are balanced by a tangential force
(Ftan), a tensile force (FT), and a compressive force (Fc). Because of a dened cell morphology,
Gallant et al. obtained expressions for Fs and Ts as a function of surface shear stress from the
solutions for a sphere in shear ow. FT acts at the leading edge of the adhesive island, since cell
detachment is expected to occur via pealing of the leading edge of the cell.
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Figure 2.11: Engineering analysis of an adherent cell resisting the applied hydrodynamic forces under
shear stress. A spherical cell (radius R) adherent to a micropatterned island (diameter 2a). The hydro-
dynamic shear force (Fs) and torque (Ts) are balanced by a tangential force (Ftan), a tensile force (FT),
and a compressive force (Fc).
The force equilibrium results in Equation 2.3, which is an expression for the adhesion force, FT,
as a function of the detaching shear stress, t.








2.3 HSCs and their Niche
This section introduces the HSCs and their nature. Where do they originate, and how are they
isolated? Information on the complex microenvironment of the HSC niche and on its regulatory
eect on the stem cell fate is provided.
Figure 2.12: Hematopoietic stem cell maturation. Figure modied after [79].
HSCs, as the best studied multipotent stem cells, are able to self-renew as well as to reconstitute
the full hematopoietic system by dierentiation. The hematopoietic system is composed of
primitive stem cells and of the more committed lymphoid- or myeloid-progenitor cells, see Figure
2.12.
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Because of these multipotent properties, HSCs are of high interest in therapeutic applications
and lots of eorts have been undertaken to cultivate them in vitro without loss of their stem
cell character. However, even if HSCs are frequently dened as suspension cells rather than as
adherent cells, a complex cell-ECM interaction within a specialized microenvironment - the stem
cell niche - is assumed. These interactions regulate dierentiative and self-renewal decisions.
Thus, the tensegrity model, which has been shown to stimulate fate decisions of other cell types,
might be true for HSCs as well. In order to study these niche functions, several in vivo mice
models or in vitro approaches using either mouse or human cells have been applied. Both
approaches are promising, but variations even in the phenotype of mice and human HSCs limit
the direct correlation of the knowledge gathered from both model systems.
Because of its relevance for prospective clinical applications, this work is focused on human HSCs
and their interaction with niche ECM molecules.
2.3.1 Origin, Phenotype and Maturation
HSCs have been identied in adult bone marrow and in cord blood. For medical application
and research, it is common to harvest HSCs from peripheral blood because of the much higher
cell number that can be obtained. It is known that a low number of HSCs is circulating in
the bloodstream, but stimulation with cytokines, such as granulocyte-colony stimulating factor
(G-CSF), causes the mobilization of HSCs from the bone marrow increasing the release of HSCs
into the peripheral blood.
Since HSCs have a similar morphology to white blood cells, it is dicult to distinguish them
by shape and size. Although the usage of cell surface markers can not identify the ultimate
HSC but a rather heterogeneous population of stem and progenitor cells, it is currently still the
method of choice. Two strategies exist to isolate HSCs from bone marrow, umbilical cord blood
or peripheral blood samples, which are designated by negative and positive selection. Surface
markers for a negative selection are CD42, 3, 4, 8, 14, 15, 16, 19, 20, 56 and CD66b, which select
more-committed progenitors. For positive selection CD34 or CD133 markers are commonly used
[63]. Other methods, as for example based on the sensitivity to cell cycle active cytotoxics or the
ability to eux uorescent dyes, are less sensitive and strongly interfere with cellular metabolism.
Since a positive selection requires less cell treatment and a higher number of cells can be harvest
from peripheral blood samples, this method has been selected and used in this work.
Both molecules, CD34 and CD133, are accepted as markers to identify HSCs. However, there are
slight dierences in the properties and the cell numbers obtained when comparing both selected
cell populations. CD133 positive HSCs are a subpopulation of CD34 positive HSCs. Depending
on the source, the number of selected cells diers. For peripheral blood one can estimate around
75% CD133 positive HSCs within a CD34 positive selection, whereas nearly 93% CD34 positive
4CD: Cluster designation. Declaration system of cell surface markers of immune cells.
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HSCs have been found in a CD133 positive selection [39]. Interestingly, the CD34 negative frac-
tion within CD133 positive HSCs has been reported to exhibit a primitive stem cell character,
and CD133 positive HSCs can dierentiate into neuronal and endothelial cells and myoblasts in
vitro, revealing a higher plasticity compared to CD34 positive HSCs [39].
Although CD34 positive HSCs contain a higher proportion of erythroid forming cells and CD133
positive HSCs a higher proportion of myeloid forming cells, both populations are capable to re-
constitute the full hematopoietic system. Furthermore, no dierences were found in engraftment
and hematopoesis in clinical studies using either CD34 or CD133 positive HSCs.
2.3.2 The HSC Niche
Figure 2.13: The HSC niche (endosteal or sinusoidal) inuences the stem cell fate. Stroma cells, as well
as soluble and surface-bond ECM, serve as biological tools. Furthermore, physiological parameters, such
as oxygen level and secreted ECM molecules, play an important role.
The hypothesis that maintenance and maturation of HSCs is regulated in a specialized microen-
vironment was rst proposed by Schoeld in 1978 [139]. The so called hematopoietic stem cell
niche is believed to be located in the bone marrow of human adults, where HSCs are supported
by stroma cells (MSCs, endothelial progenitors, osteoblasts), molecules of the ECM and growth
factors.
Numerous eorts were undertaken to understand the function of this niche and to dissect its
cellular, molecular and structural composition in order to control HSC fate decisions. Excellent
recent reviews summarize the current knowledge on this topic [2, 105, 164, 167, 170]. These
studies point towards the existence of two possible niche environments, one in the sinusoidal
endothelium and another in the endosteum in close contact to osteoblasts, as demonstrated in
Figure 2.13.
A spatio-temporal variation of HSC lodgement in dependence of the state of cell activation
is suggested. As pointed out in references [2, 105, 167], not only local growth factor proles
and direct cell-cell interactions, but also the composition of the ECM, must be considered as
a selective key element in providing specic adhesion characteristics. The ECM composition is
thought to maintain cell localization to specic environments (dened by oxygen partial pressure,
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growth factor composition, special cell-cell contacts), and to present important growth factors to
HSCs. Furthermore, the three dimensional arrangement of ECM molecules plays an important
role in triggering HSC homing and proliferation [45, 164, 171].
More recent reviews about the hematopoietic niche [1, 15, 63] already propose the endosteal
region as a place of stem cell quiescence5 and maintenance6, having osteoblasts as stroma cells
and a low oxygen level (0.1%, [81]). The sinusoidal or vascular niche is suggested as a place of
dierentiated and proliferative hematopoietic cells, having endothelial progenitors as stroma cells
and a high oxygen level (4-5%, [81]). Furthermore, both regions are dened as a place bearing
only single HSCs [106]. The importance of oxygen level within the niche was summarized recently
by Eliasson and Jönsson [35]. They proposed that hypoxia is important for maintaining the cell
cycle control, cell survival, metabolism, and protects HSCs from oxidative stress. On the other
hand, oxydative stress suppresses the HSC adhesion to osteoblasts and induces cells to exit the
niche [64].
However, due to the dierentiative activity within the vascular niche, it still remains to be
determined if this region is a true regulatory niche or only a location where HSCs undergo
transendothelial migration into the blood stream [15]. Other authors suggest both regions as
niches, either spatially separated or intertwined to form a common niche [106, 115]. It was pointed
out that the regulatory mechanisms within the endosteal niche are still unclear [106]. Whether
osteoblasts induce HSC maintenance, by direct cell-cell contacts or indirectly by secreted factors,
and regulate HSCs localized to the nearby microenvironments in this way are still open questions.
2.3.3 HSC Fate Regulation by Niche ECM
ECM, as an extrinsic signal of the stem cell niche, plays an important role during regulatory
processes of HSC fate decisions. ECM molecules are produced by stroma cells and can bind or
rather concentrate growth factors, as well as activate signalling pathways by direct cell adhesion.
Therefore, they can induce or restrict HSC proliferation or dierentiation.
Verfaillie et al. summarized fundamental knowledge concerning the ECM composition of the
niche and HSC-ECM interactions in 1994 [80, 155]. ECM of the HSC niche can be classied
into two main groups: proteins and GAGs. Niche proteins are bronectin (FN), laminin (LN),
collagen (C) [80, 109, 155], thrombospondin, hemonectin [155, 80], and osteopontin [111]. GAGs
are heparan sulphate (HS), hyaluronic acid (HA), chondroitin sulphate, dermatan sulphate, and
keratan sulphate [155]. Furthermore, complexes of both, proteins and GAGs, which are dened
as proteoglycans, are also present in the HSC niche [80]. Since most of the matrix molecules
are wide-spread within the human body, there must be a regulation for a specic HSC adhesion
5quiescence: Cell cycle arrest, when the stem cell keeps its stem cell character.
6maintenance: Cell remains a stem cell after cell division.
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in the bone marrow niche microenvironment, which might be triggered by matrix molecules or
other factors like SDF-17. Verfaillie and co-workers [155] highlighted two possible mechanisms
for a specic cell adhesion to FN in a dened location (for instance the stem cell niche). (a) FN
exists in various isoforms in which certain cell adhesion domains are present or absent because
of alternative splicing. These FN isoforms can be specic for one location. And (b) cells can
express unique sets of FN receptors depending on the cell type or dierentiation stage providing
selectivity for their adhesion to FN. These two mechanisms might explain why the HSC niche
is restricted to the adult bone marrow and not located in several dierent tissues. The fact
that matrix molecules exist in various isoforms complicates the in vitro analysis of HSC-ECM
interactions because of the requirement to use molecular isoforms, which are specic for the
human bone marrow [80]. Within this work, a limited number of relevant matrix molecules
was chosen to analyze their interactions with HSCs. Therefore, it was assumed that ECM-HSC
interactions mediated by the same type of adhesion receptor trigger equal HSC fate.
In the following section the set of ECM proteins (FN, LN, CI, CIV) and GAGs (HE, HS, HA)
will be described with respect to their location within the bone marrow and to their inuences
on HSCs.
Niche ECM Proteins
Immunouorescence analysis of murine femoral bone marrow sections revealed sources of FN, CI
and CIV in the endosteal region. LN and also CIV have been found in the sinusoid region [109].
However, the only matrix protein which was really restricted to one region, the endosteal region,
was CI. Most of the other proteins within this study have been found at the periosteal surface
or in the central bone marrow with varying expression. Taken together, it is dicult to localize
ECM proteins at the two suggested niche regions (for details see subsection 2.3.2) rather than
to identify matrix molecules that are present within the bone marrow. A study based on human
bone marrow sections identied LN8/9 (a4b1g1 / a4b2g1) and LN10/11 (a5b1g1 / a5b2g1), among
others, as the most abundant LN isoforms, while LN1 seems to be absent [141]. Furthermore,
it has been shown that thrombospondins and collagens of type I, III, IV, and V are abundantly
present in the bone marrow microenvironment [80].
With respect to FN-HSC interaction, FN plays a key role in regulating HSC proliferation, dif-
ferentiation, as well as homing to the bone marrow. It was shown, that murine HSCs adhere
to the heparin-binding domain of FN via the a4b1 integrin, which was also demonstrated to be
important for in vivo homing of murine HSCs [163]. Dao et al. [27] highlighted the need for
human bone marrow HSCs to engage their a4 and a5 integrin receptors to FN in order to sustain
long-term hematopoiesis. Cultivation of human bone marrow HSCs in suspension diminished
7SDF-1: The stroma cell derived factor-1 is a cytokine expressed by bone marrow stroma cells. It is assumed
that SDF-1 stimulates the tracking of HSCs to their niche.
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long-term hematopoiesis. Cell cycle dependent analysis of adhesion and migration of cord blood
HSCs showed an enhanced adhesion to FN during S phase, accompanied by a switch from a4b1
integrin mediated adhesion during G0/G1 phase to an a5b1 integrin mediated adhesion during
S phase and post-mitotic phase. In contrast, the cell migration was observed to be decreased
during S phase and post-mitotic phase[66].
These data were proved for mobilized peripheral blood cells. The adhesion of cycling cells to FN
was characterized as a reversible process modulated by cell cycle progression, because adherent
cells could exit the cell cycle and return to a non-adhesive state within 48 hours [49]. Further-
more, Nilsson and Simmons reviewed in 2004 [112] that integrin a4 and a5 control proliferation
and dierentiation of HSCs, while their expression and function is regulated by fms-like tyrosine
kinase 3 ligand (FL3), a cytokine receptor important for HSC survival and growth stimulation.
Regulatory inuences on HSCs by LN were demonstrated by Siler et al. [141]. The authors
observed strong adhesive interactions of CD34 positive hematopoietic cell lines to LN10/11 that
could be inhibited by b1-integrin blocking antibodies. Suspension cultures containing dierent
LN isoforms revealed a mitogenic eect of LN10/11. A LN substratum isolated from human
placenta, which contains mainly LN10/11, has been shown to be strongly adhesive for mouse
and human HSCs [50, 51]. The importance of an isoform-specic HSC-ECM interaction was
shown in former studies, where hematopoietic cells did not adhere to LN1 [141]. Adhesion of
murine HSCs to LN or FN results in cell expansion and in enhanced marrow engraftment ability
[132]. While not much is known about the mechanisms that regulate the proliferation of HSCs
after adhesive contact to LN, Boudreau reviewed for other cell types either a promotion or an
inhibition of cell proliferation depending on a6b4 integrin interaction with LN [11]. This nding
suggests an integrin-dependent signal transduction following HSC-LN adhesive interactions.
C, as the most abundant molecule of the bone marrow matrix plays a regulatory role in hematopoiesis
[80]. The absence of C in long-term bone marrow cultures8 inhibited the proliferation of HSCs. C
type I has been shown to serve as an adhesion ligand for committed erythroid and myeloid HSCs.
There is little information on specic HSC-C interactions. The integrin a2b1, as the major C
receptor, could undergo a similar switch from inhibition to stimulation upon ligand binding, as
it is true for the a4b1 and a5b1 interaction with FN. A growth inhibition, shown for other cells
on brillar CI, but not on monomeric CI, may be due to inecient binding or clustering of a2b1
on brillar CI, resulting in growth inhibitory signalling by the unoccupied integrins [25].
Unlike adult bone marrow CD34 positive HSCs, fetal liver HSCs adhere to CIV [131]. As ob-
served for HSC-CI interactions, the engagement of a2b1 integrins inhibits cell proliferation. It
was shown that the cultivation of ESCs on CIV induces dierentiation into HSCs and smooth
muscle cells [166] suggesting that CIV has a regulatory role in HSC development.
8long-term bone marrow cultures: In vitro co-culture of HSCs and a supportive bone marrow stromal cell
line.
2.3 HSCs and their Niche 29
Niche ECM GAGs
HA has been shown to account for 40%, and HS for 10%, of the GAGs in bone marrow stromal
cultures [162].
The important role of GAGs in the ECM of HSCs is known from earlier studies [20, 53, 110, 113].
Dierent forms of HE and HS were shown to strongly determine proliferation and dierentiation
[53]. The authors demonstrated that HS of larger molecular weight and higher 6-O sulfated
HS or HE supported the maintenance but not the dierentiation of HSCs. Furthermore, these
supportive GAGs bind cytokines and other matrix molecules, and promote the HSC adhesion
to be more eective in comparison to non-supportive (de-sulfated or N-sulfated) GAGs. Since
HS and HA are partly responsible for the adhesion of HSCs to the marrow microenvironment,
GAGs have an important role in HSC maintenance ex vivo [20]. HS acts as a protector, eect
multiplier, and receptor for cytokines and growth factors, and can therefore regulate the lineage-
specic dierentiation and growth of HSCs [20, 113]. It was shown that HA is synthesized and
expressed by HSCs, and that it critically inuences the bone marrow lodgement of transplanted
HSCs [110]. This study demonstrated as well that the ligation of HA by a cell-surface receptor
suppresses HSC proliferation and dierentiation. From studies using other cell types, it was
found that HA is involved in regulating cell migration, cytokine production, and the expression
of adhesion molecules (see [98]).
2.3.4 HSC Fate Regulation by Niche Cytokines and Growth Factors
Cytokines are cellular synthesized proteins that regulate the cell behavior, either individually
or in combination, by receptor-ligand interaction. A subgroup of cytokines are growth factors
that specically stimulate the cell growth. However, not much functional detail in regulating
the complex HSC development is known for most of them. Therefore, current protocols for ex
vivo expansion of HSCs frequently rely on varying concentrations and compositions of cytokines,
including stem cell factor (SCF), FL3, thrombopoietin (TPO) or interleukin-6 [63]. These cy-
tokines are believed to enhance the proliferation of early human HSCs [82]. Angiopoietin-1, a
further growth factor, is proposed to regulate HSC quiescence in mice [5].
The present knowledge on hematopoietic cytokines was reviewed recently [102]. While only few
cytokines originate from one tissue, such as TPO from the liver, most of them are produced in
several organs. This fact highlights the complexity of cytokine functions and the challenge in
analyzing their function. Furthermore, cytokines can be active in a membrane-bound or soluble
form, as it is known for SCF. SCF, TPO and the granulocyte-colony stimulating factor (G-CSF)
act by receptor-mediated endocytosis9. The fact, that the number of membrane receptors for
each cytokine is very low with about few hundreds per cell, and that cytokines are physiological
9endocytosis: After specic receptor-ligand binding, the cytoplasm membrane forms inward budding vesicles
into cytoplasmic vesicles.
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available only in a range of pico to nanogram per mililitre, requires cytokines to be highly active
with maximal response. Cytokines have dierent domains for induction of survival or prolif-
eration, while cell survival is ensured by an apoptosis suppressive mechanism. It is accepted,
that cytokines can only activate proliferation when they are available in the right combination
and concentration, while single cytokines, regardless of the concentration, often cannot stimulate
appropriate cellular responses. Interestingly, active cytokine combinations involve at least one
tyrosine kinase cytokine receptor and one non-tyrosine kinase cytokine receptor.
As already mentioned in the previous subsection 2.3.3, extracellular GAGs interact and bind
cytokines, can protect them against degradation, and can enhance their eectiveness. It is im-
portant to note the concentration-dependent function of cytokines. While low concentrations
and the engagement of b1-integrins can block the cell cycle entry, high cytokine concentrations
can override the integrin-mediated inhibition [72]. Furthermore, it is assumed that high cytokine
concentrations induce a short and transient integrin activation followed by inactivation [96].
2.4 Stem Cell Fate Analysis at Single Cell Level
Analysis at single cell level is becoming more and more important, especially in the eld of stem
cell fate analysis. Figure 2.14 demonstrates why single cell observation, in contrast to observation
at cell population level, is indispensable in stem cell fate analysis.
Figure 2.14: Cell proliferation analysis at cell population level (A) and at single cell level (B). Only
analysis at single cell level can provide information on: which cells contribute to cell expansion, which
cells die, and on which stem cells self-renew and dierentiate.
Since an ultimate stem cell marker, especially for HSCs, is still missing (for information see sub-
section 2.3.1), most experiments are performed using stem cell populations, whose heterogeneity
complicate the understanding of stem cell fate decisions. In a cell population, each individual
cell has slightly dierent biological properties and therefore the interpretation of generated re-
sults can be misleading. For example if one would analyze cell proliferation at cell population
level, one can not answer the question if all cells contribute equally to cell expansion or if there
is only a subgroup of cells that proliferate (see Figure 2.14). In contrast, proliferation studies
at single cell level would answer fundamental questions on cell fate decisions with more detail.
2.4 Stem Cell Fate Analysis at Single Cell Level 31
To enable single cell observation in a cell population, the common black-box like time-discrete
measurements must be expanded to continuous analysis at a sucient temporal resolution.
In the following subsection the knowledge on possible stem cell fate decisions is summarized.
Furthermore, the term 'genealogy' is introduced, which encodes cellular development at single
cell level in a concise and easy-to-read format. Current available analytical tools, necessary to
perform single cell analysis, are also presented.
2.4.1 Stem Cell Fate Decision
From many studies on stem cell fate it is known that HSC maintenance is a critical prerequi-
site for lifelong hematopoiesis. Recent publications have summarized important knowledge on
HSC maintenance and dierentiation [3, 4, 9, 19, 173]. Stem cell maintenance requires either
quiescence or self-renewing cell divisions, where at least one daughter cell retains its stem-cell
character. On the other hand, lifelong hematopoiesis requires multipotential dierentiation. The
regulation of both mechanisms -maintenance and dierentiation within the HSC niche- is theo-
retically described by symmetric and asymmetric cell divisions and is accompanied by apoptosis
and aging.
Figure 2.15: Stem cell fate decisions. The model of symmetric and asymmetric cell division theoretically
describes cell maintenance and dierentiation. A quiescent cell is in cell cycle arrest, while cell apoptosis
and aging reduce the stem cell pool.
As shown in Figure 2.15, during symmetric cell division HSCs will either maintain the stem cell
character or both daughter cells will change their properties and dierentiate. Related to a single
cell, this binary mechanism leads to either HSC expansion or to a continuous loss in cell number.
In contrast, asymmetric cell division is a much more balanced process whereby one cell is self-
renewing and maintains the stem cell pool while the other cell enters dierentiation and ensures
hematopoiesis. While both theories can describe stem cell maintenance, only symmetric cell
division can account for HSC expansion, which is an important process in clinical applications as
for example stem cell transplantation after chemotherapy [3]. Additionally, one has to take into
account stem cell quiescence, apoptosis, and aging. While apoptosis and aging rather contribute
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to a loss in stem cell number and quality, quiescence means cell cycle arrest and contributes to
stem cell maintenance. Finally, a quiescent state is equivalent to a genotype protection sustaining
a stable stem cell quality.
Cell fate, in terms of symmetric or asymmetric division, can be inuenced by cell-intrinsic or
-extrinsic cues. These cues may act discretely or in combination. Exemplary for intrinsic signals
are transcription factors or signaling pathways [9, 173]. Extrinsic signals originate from the
ECM or from cell-cell as well as cell-growth factor interactions within the stem cell niche [4, 19].
Hypothesis explaining stem cell self-renewal and maintenance processes by intrinsic and extrinsic
cues were recently summarized by Alison and Islam [4].
Single cell analysis allows to plot cell fate decisions as cellular 'genealogy', an example of which
is illustrated in Figure 2.16. Herein, the horizontal lines encode for the time of cell cycles of
an individual cell (cx), the vertical lines encode for cell divisions (dy), and '*' encodes for cell
death. With the help of such genealogy data a heterogeneous cell population can be itemized
into dividing and non-dividing cells. Symmetric and asymmetric cell divisions can be identied
as well.
Figure 2.16: Cell genealogy encodes the stem cell fate decision at single cell level. Related to the
horizontal time scale ve generations are shown with the cells (c0-12), divisions (d1-6), and cell death (*).
There are several theoretical models that explain and predict stem cell fate decision. From such
models one can learn that small dierences in kinetic properties of dierent stem cell populations
can explain long-term advantages of one clone over another [92]. The need to bring existing
models of stem cell self-renewal and dierentiation into line with experimental observations to
construct an accurate quantitative understanding of the regulation of stem cell fate has been
repeatedly requested by Macarthur et al. [97]. In order to precisely interpret cause-and-eect
relationships of experimental data, single cell analysis is essential to elucidate the nature of cell to
cell variability and to better dissect the role of molecular noise in determining cell fate decision.
In contrast to black-box like time-discrete measurements, a continuous analysis of single cell
response to specic microenvironmental cues signicantly increases the information depth with
the need for data analysis tools from systems biology.
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2.4.2 Analytical Tools
There is a need for single cell analysis in in vivo tissue regeneration as well as in in vitro cell
fate decision studies with dierent technical requirements. The spatio-temporal resolution of
dierent imaging techniques, as a critical parameter in tissue regeneration studies, was recently
reviewed by Schroeder [140]. The following discussion on analytical tools is focused on in vitro
single cell experiments.
The basic principle of single cell analysis is a continuous imaging (time-lapse imaging) with a
sucient temporal resolution. Therefore, automated microscopes and PC work-stations, with
high processor speed, high memory capacity, and high resolution digital cameras are necessary to
enable continuous image recording and storage. Furthermore, sophisticated image stack process-
ing, referred to as automated single cell tracking, is the key point for an unrestricted access of
captured data. Recent studies have highlighted the need for automated spatio-temporal analysis
of biological systems, but also emphasized technical as well as biological requirements [101, 140].
For example, a frame rate providing for an overlap of half of the cell diameter is necessary to
enable automated single cell tracking [101]. The realization of this prerequisite is mostly limited
by increasing cell velocity during the experiment, and by an increasing toxicity due to the in-
creased applied light energy. Additionally, a long cell tracking time is desired for the observation
of certain biological processes, but experimental times are limited since most of the stem cells
dierentiate under in vitro conditions [31, 140].
Depending on the particular question to be answerd and on the cell type (spherical or spread)
being considered, the experimental parameters and technical setup need to be adapted. While
phase contrast or bright eld microscopy are sucient for cell-cycle kinetic, cell-migration, cell-
morphology, or cell-location studies, uorescence microscopy can provide supplementary infor-
mation regarding cell surface molecule expression, and cell-cycle or dierentiative states of the
cells. For instance, cell-lines expressing lineage-specic uorescence markers are available. Using
such cell-lines, symmetric and asymmetric cell division can be analyzed easily, but uorescence
microscopy is accompanied by phototoxicity, which limits the temporal application. As a con-
sequence, simple light microscopy is the gentlest tool for single cell tracking without inuencing
the cell by uorescent labeling and toxic high-energy illumination.
Publications based on time-lapse imaging of mice or human HSCs already exist, which have
implemented the observation of cell fates of stationary separated cell populations [33, 95]. Some
studies already allow for single cell analysis with a sucient frame rate [48], or demonstrate in
vivo analysis of cell dynamics in long bones of mice [76]. However, all these studies fail to provide
for automated single cell tracking because of the lack of appropriate tracking tools, and therefore
not allowing for generation of high-content data. Dened, automated tracking tools have been
already used for phase-contrast or brighteld image analysis of non-dividing epithelial cells [55]





The aim of this work was to examine the adhesion and genealogy of HSCs in contact to relevant
ECM molecules, including the impact of their spatial conguration, in order to gain further
knowledge of the regulatory mechanisms of the HSC niche. With respect to the used matrix
engineering approach to construct in vitro HSC scaolds, it is important to note that a dened
surface chemistry and biomolecular composition is necessary in order to derive meaningful con-
clusions from the cell experiments. Therefore, the surface preparation and characterization is
summarized in the rst section (3.1). In section 3.2, the interaction of HSCs with the ECM
is analyzed in an optimized cell culture medium in terms of the ECM dependent fraction of
adherent cells and of cell adhesion area. The set of ECM molecules investigated includes FN,
LN, tropoCI, CIV, HE, HS, HA, and co-brils of CI and HE or HA. To shed light on the HSC
adhesion mechanism, the matrix molecule dependent specic adhesion receptors were studied.
In section 3.3, the HSC-ECM interactions under spatial constraints in ECM coated 3D-like mi-
crocavities is discussed. Single cell tracking, enabled by time-lapse imaging combined with a
semi-automated tracking tool, is used to dissect possible regulations of the HSC fate.
Unless otherwise stated, results are presented as mean ± standard deviation and the number of
individual experiments 'n'.
3.1 Surface Preparation and Characterization
As discussed in subsection 2.2.3, cell fate decisions are known to be aected by exogenous signals
from the ECM. 2D or 3D distribution of ECM molecules, as well as the molecule surface density,
are known to be important factors aecting cell morphology, proliferation, dierentiation, and
apoptosis following cell adhesion. Especially, 3D scaolds were shown to distinctively alter cell
behavior to a more in vivo phenotype in comparison to standard 2D culture systems. Therefore,
this work included the preparation, biofunctionalization, and detailed surface caracterization of
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3D-like surfaces for ex vivo cell studies. The developed biofunctionalized surfaces were charac-
terized by a homogeous distribution of the matrix molecules, the stability of the immobilized
biomolecular layer, and by the ligand density of immobilized matrix molecules.
3.1.1 Preparation and Biofunctionalization of 3D-like Microcavities
Figure 3.1: PDMS microcavities of 10µm in depth and 40µm (A) or 15µm (B) in diameter analyzed
by scanning electron microscopy. Scale bar: 50 µm
The most famous material in microstructure preparation is poly(dimethylsiloxane) (PDMS),
since it can be advantageously used to mold very delicate structures with high accuracy and
reproducibility, and with tuneable elasticity in the range of 1-1000 kPa [32]. PDMS allows mold-
ing structures down to 100 nm, and exhibits a low surface energy [114]. The main disadvantage
of PDMS is the diculty to achieve a stable surface modication. The phenomenon called 'hy-
drophobic recovery' leads to the disappearance of the preceding surface modication over time as
described, for example, in references [61, 62]. For instance, it was observed that after low pres-
sure plasma treatment, free low molecular weight siloxane chains migrate to the surface through
the porous or cracked hydrophilic silica-like layer, covering the chemically modied surface with
a silicone layer. Hence, surface modication using standard low pressure gas plasma treatment
is restricted due to hydrophobic recovery. However, a strategy to prevent, or to decrease, hy-
drophobic recovery is based on the removal of free siloxane residues by solvent extraction [60, 87],
followed by further surface modication through the deposition of thin hydrophilic polymer coat-
ings after low pressure plasma treatment [28, 130].
The design and the schematic preparation procedure of the functional PDMS microstructures is
depicted in Figure 5.1 in the experimental chapter (subsection 5.1.2). Briey, the PDMS pre-
polymer-mixture (base and cross-linker, 10:1) was dropped onto a microstructured silicon master,
cured, and low molecular weight siloxane residues were extracted by incubation in heptane. A
surface modication with poly(ethene-alt-maleic anhydride) (PEMA) was performed to prevent
hydrophobic recovery and to enable the covalent immobilization of ECM molecules. The ability
of PDMS to be molded into the required microcavities of 10µm in depth and 10 - 80µm in diam-
eter was analyzed by scanning electron microscopy. The uorosilanization of the silicon master
eciently blocked the PDMS moiety linkage to the master leading to a reproducible molding
process of high accuracy. Figure 3.1 shows precise moldings of microcavities with a diameter of
15 and 40 µm.
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There are two strategies to covalently attach functional polymers like PEMA onto PDMS. These
are based on either low pressure ammonia plasma of the PDMS surface or on low pressure oxygen
plasma treatment followed by subsequent aminosilanization. A recent study compared both
methods [130]. It was shown that low pressure ammonia as well as oxygen plasma revealed no
signicant changes in surface roughness, but the low pressure oxygen plasma treatment resulted in
a dramatic decrease in contact angle in contrast to the low pressure ammonia plasma treatment.
This fact led us to choose the oxygen plasma method because of the possible diculties in
wetting and coating small micrometer-sized cavities with hydrophobic surface properties, which
may occur in the case of the low pressure ammonia plasma treatment. The eect of hydrophobic
recovery was eciently inhibited by the aminosilane and PEMA copolymer layer on top of the
low pressure oxygen plasma treated PDMS surface, which is in good agreement with earlier
reports using poly(ethylene oxide) layers [29]. The introduced PEMA layer was not only used
to maintain a stable hydrophilic surface, but also to oer a strategy to immobilize biomolecules
including ECM proteins, growth factors, and GAGs.
3.1.2 Homogeneity, Stability and Ligand Density of Immobilized ECM
Figure 3.2: Summary of the chemical reactions of covalent ECM immobilization. The anhydride unit
of PEMA can be converted into a less reactive carboxylic acid unit by hydrolysis, and re-converted into
a high reactive anhydride unit by annealing. A covalent protein binding is performed by their lysine
side chain. GAGs are covalently attached to the copolymer layer through their carboxylic group, after
amine-modication of the maleic anhydrides with diaminobutane.
The PEMA copolymer layer on top of the silicone microstructures enabled the well dened
surface immobilization of ECM molecules. In addition, control samples prepared on standard
glass surfaces can be functionalized by a similar procedure as for the PDMS microstructures,
as described in [122]. For details on sample preparation see the experimental chapter (section
5.1 and Figure 5.1). Chemical reactions of a covalent immoblization of proteins and GAGs
are summarized in Figure 3.2. Proteins can be attached via their lysine side chain to the maleic
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anhydride, while GAGs are covalently bound by their carboxylic unit after an amine modication
of the copolymer layer with diaminobutane. The introduced diaminobutane acts as a bifunctional
linker.
The immobilization-homogeneity of ECM ligands was veried on planar as well as on structured
surfaces using confocal laser scanning microscopy and scanning electron microscopy. Figure 3.3
shows samples, which were coated with uorescein-5-isothiocyanate (FITC) labelled tropoCI
(image A), FITC labelled co-brils of CI and HE (image B), and carboxytetramethylrhodamine
(TRITC) labeled FN (image C, D, E), scanning electron microscopy images of co-brils of CI
and HE (image F) and HA (image G) as well as a 20 µm diameter cavity coated with CI brils
(H). The analysis indicated that the matrix molecules were homogeneously attached both on
planar surfaces and on structured surfaces inside and outside the cavities, ensuring reproducible
ECM coatings.
Figure 3.3: Homogeneity of ECM coatings on PEMA functionalized planar and microstructured sur-
faces. Confocal laser scanning microscopy images of uorescence-labeled ECM show planar surfaces of
tropoCI - FITC (A) and co-brils of CI/HE - FITC (B). Coating of microstructures is demonstrated using
FN - TRITC. The images depict the surface outside (C) and inside (D) the cavities, and a time-lapse
microstructure (E). (Scale bars A-E: 30 µm). Scanning electron microscopy images depict: CI/HE (F)
and CI/HA (G) co-brils, and a cavity of 20µm diameter coated with CI brils (Scale bars F, G, H:
5µm).
The stability of tropoCI, HE, and HA coatings was veried by using mixtures of FITC conjugated
and non-conjugated GAGs in a ratio of 1:16 for the surface immobilization as described in the
experimental chapter (see section 5.1). The uorescence intensity was followed over 3 days of
incubation in phosphate buered saline (PBS) containing 10% fetal bovine serum (FBS) using
a confocal laser scanning microscope. As shown in Figure 3.4, the initial uorescence intensity
does not signicantly dier from the intensity measured after 3 days. This observation proves
the stability of matrix immobilization.
The quantication of ligand density of two dierent types of immobilized components of the
ECM, e.g. proteins and GAGs, on PEMA coatings can be achieved by dierent techniques. The
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Figure 3.4: Stability of immobilized tropoCI, HE, and HA coatings analyzed by uorescence intensity.
The uorescence intensity was normalized by the initial intensity. (n=3)
ligands FN, LN, HE, and HA were covalently immobilized as outlined in the experimental chapter
(subsection 5.1.3). The amount of immobilized FN on PEMA was recently analyzed by Herklotz
et al. [59] using radioisotope experiments. A coating concentration of 50µg/ml FN in PBS
resulted in a surface concentration of 516± 11 ng·cm-2. At such surface concentration, a dense
packing of FN molecules on the surface can be assumed, since a theoretical monolayer of side-on
packed FN molecules with their long axis parallel to the substrate surface would result in a
surface concentration of roughly 250 ng·cm-2 [127]. Based on the measured surface concentration
a ligand density of 1.4Ö 1012cm-2 was calculated from the molecular weight of a FN dimer of
approximately 450 kDa. A surface concentration of LN of 175± 40 ng·cm-2 was measured using
amino acid quantication by high performance liquid chromatography (HPLC, n=3) after acid
hydrolysis of the immobilized protein as described in [134]. Taking a molecular weight of the
immobilized LN fragment of 195 kDa, as specied by the supplier, one can calculate a ligand
density of 5.2Ö 1011cm-2.
The surface density of HE and HA was quantied by X-ray photoelectron spectroscopy (XPS).
XPS C1s spectra of a diaminobutane-coated PEMA layer as well as of a HE-coated surface are
shown in Figure 3.5 A and B. The C1s spectra were tted with three major components of the
system: carboxylic and anhydride groups (peak at approximately 289 eV), hydroxyl and ether
groups and similar carbon congurations (peak at approximately 286.5 eV), and aliphatic groups
(peak at approximately 285 eV).
It can be seen that a HE surface modication does not strongly change the background signal of
the carboxylic groups but signicantly increases the amount of C-OH groups. Such an increase in
the peak signal at 286.5 eV can be expected from the major disaccharide sequence of HE as shown
in Figure 3.5 C. It suggests that 9 carbon atoms per disaccharide unit are bound to hydroxyl
and/or ether groups. It is known from earlier studies [123] that PEMA layers (see Figure 3.5 D
for chemical structure) exhibit a surface density of anhydride groups of approx. 1.1Ö 1015cm-2.
Knowing the anhydride surface density one can calculate the surface density of the disaccharide
units by relating the peak areas at 289 eV (7.8± 0.8 at%) and 286.5 eV (24.2± 3.0 at%) to each
other, while the rst peak accounts mainly for the surface density of the carbon atoms in the
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Figure 3.5: XPS C1s spectra of diaminobutane (A) and HE modied (B) PEMA-coated coverslips. The
structure of the major disaccharide sequence of HE is shown in (C) and the chemical structure of PEMA
is shown in (C).
carboxyl groups of PEMA (2 per co-monomer unit) and the second peak accounts mainly for
the carbon atoms in the ether groups and those bonded to hydroxyl groups originating from the
attached HE (9 per disaccharide, compare Figure 3.5 C). In this approach the background signal
in the peak at 286.5 eV from the diaminobutane modication has to be subtracted (Figure 3.5
A) in order to account only for additional attachment of HE. With these assumptions one can
estimate a surface density of disaccharide units of 5.6± 0.5Ö 1014cm-2 (n=7). A similar approach
can be used for HA, as it exhibits a molecular structure similar to HE with 9 hydroxyl and ether
groups per disaccharide unit. Again, it does not add signicantly to the amount of carboxylic
groups. One can estimate a HA disaccharide unit density of 6.0± 0.5Ö 1014cm-2 (n=5).
The quantitative analysis indicates that based on thin layers of PEMA the ligand density of
immobilized ECM components can be precisely determined and if necessary adjusted. The ECM
immobilization is stable and homogeneous. The analyzed surface immobilization of matrix pro-
teins and GAGs exemplary demonstrate the well-dened surface preparation. Other studies
performed in our research group analyzed the stability and characteristics of other ECM com-
ponents like FN [127], and brillar CI and co-brils of CI and HE or HA [133, 135, 143, 144].
3.1.3 Discussion
A matrix engineering approach was introduced to achieve a dened set of ECM coatings on
microstructured polymer supports, which were previously demonstrated to provide high degrees
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of availability of ECM biopolymers [121, 160]. By using PEMA as a versatile reactive polymer
substrate [122], a broad variety of immobilized matrix components can be realized ranging from
simple matrix proteins, like FN and CI, to GAGs with dierent characteristics. Even supramolec-
ular assemblies of mixed matrix components, like brils of CI with HE or HA, can be prepared
in a dened way.
Alternatively, ECM molecules can be immobilized by other methods of covalent chemical con-
jugation, by enzymatic incorporation, or by simple adsorption [10]. The applied immobilization
strategy eects the ligand surface-density, binding anity, and biological activity.
The design of advanced 3D-like culture carriers based on PDMS is expected to support prolifera-
tion, quiescence, or dierentiation of HSCs in a site-specic manner. However, the applied PDMS
substrates have a relatively high elastic modulus (ca. 1.8MPa [13, 137]), which is far away from
natural bone marrow elasticity (< 1 kPa [30]). As discussed in subsection 2.1.2, not only ECM
molecules and their 3D arrangement, but also mechanical properties of the microenvironment,
inuence stem cell fate, especially in the case of MSCs. The applied PDMS, as a relative sti
material, fail to mimic the natural bone marrow elasticity. Alternatively, much softer materials
like poly(ethylene glycol) hydrogels with an elastic modulus in a range of only hundreds of Pa
[95] could be used. In combination with a dened and bioactive ECM immobilization, these
materials can imitate the bone marrow microenvironment more precisely, with respect to me-
chanical properties, than PDMS. However, it has to be mentioned that it is not known if the
elasticity of materials inuences the HSC fate similarly as the fate of MSCs. Furthermore, the
correct elastic modulus that sense HSCs residing in the endosteal niche is possibly more similar
to bone (40 kPa) than to bone marrow (< 1 kPa).
3.2 Cell Adhesion Study - HSCs in Contact with the ECM
In order to dissect the interactions of HSCs with dierent proteins and GAGs of the niche-
microenvironment, the initial cell adhesion was investigated. HSCs were cultivated on a set of
well dened ECM coatings including FN, LN, CI, CIV, HS, HE, HA and co-brils of CI and HE
or HA. Mobilized human CD133+ HSCs from healthy donors were used, as they are known to
successfully engraft and repopulate in transplant models [169]. The adhesion on HE, which is
not a typical niche molecule (for discussion see GAGs of the ECM in subsection 2.2.2), was
analyzed to mimic HSC-HS interactions in a more cost-eective manner.
Since cell behavior is inuenced by cytokine concentration and cell cycle activity (see subsection
2.3.4), the concentrations of cytokine were adjusted to optimal values and HSC adhesion was
analyzed depending on cell culture time. These pre-experiments are summarized in subsection
3.2.1. The ECM-dependent adhesion of HSCs was then characterized in terms of the fraction of
adherent cells, the adhesion area size, and the adhesion strength (see subsection 3.2.2). Further-
more, the specicity of adhesion receptors was studied in antibody blocking experiments (see
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subsection 3.2.3). The obtained information on the initial adhesion behavior of HSCs was later
used in single cell experiments on micro-structured surfaces (see section 3.3).
3.2.1 Culture Conditions for in vitro HSC Adhesion Studies
The importance of the cytokine concentration and their combination in triggering cellular re-
sponse in in vitro cell experiments was already emphasized in subsection 2.3.4. Briey, as a
consequence of high cytokine concentrations, signals generated by cell-ECM adhesion can be
suppressed due to cytokine-induced cell proliferation activity. Based on this knowledge, it was
concluded that the concentration and combination of cytokines is important in HSC adhesion
experiments. Therefore, an established cell culture medium for HSC expansion [77] was modi-
ed with the aim to reduce cell proliferation and dierentiation. Beside the important role of
cytokines, the cell cycle has also an impact on the cell adhesion-behavior, as it was shown for
cord blood HSCs (see subsection 2.3.3). Therefore, the fact that G-CSF -mobilized HSCs from
peripheral blood, which are used in this work, predominantly appear in G0/G1-phase of the cell
cycle and, hence, are delayed in the entry to S-phase by 36 - 48 h [152], requires time dependent
adhesion studies.
The above mentioned HSC expansion medium [77] contains the cytokines SCF and FL3 at a
concentration of 100 ng·ml-1 and IL3 at a concentration of 50 ng·ml-1. With the aim to reduce
cell proliferation and dierentiation, the cytokine concentration was reduced to moderate values,
and the combination of the dierent cytokines was also varied. The applied concentrations and
combinations of SCF, FL3, IL3 and TPO are summarized in Table 3.1.
After 6 and 10 days of HSCs in suspension culture, the cell number, as well as the CD133 and
CD34 stem cell marker expression were analyzed. Figure 3.6 A and B depict the cell number and
FACS data of the established expansion medium with high cytokine concentrations (medium
1) in comparison with the optimized cell adhesion medium with low cytokine concentrations
(medium 4).
A culture time of 10 days in the cell adhesion medium reduced the number of HSCs at two fold
while the CD133 expression was enhanced compared to the medium containing high cytokine
concentrations. Cell proliferation and dierentiation were successfully down regulated by reduc-
ing the cytokine level and adjusting their combination.
Furthermore, an inuence of G-CSF on HSC adhesion was excluded [38]. HSCs, freshly isolated
and after 6 days of cultivation, were grown on ECM-coated surfaces and compared in order to
evaluate the eect of the cell cycle status on cell adhesion. Surface coatings FN, tropoCI, HE,
HA, HS, and co-brils of CI and HE or HA were applied. Figure 3.6 C depicts the resulting
fraction of adherent cells investigated by sequentially taken phase contrast images. Freshly iso-
lated HSCs in G0/G1-phase and pre-cultured HSCs in S-phase showed no signicant dierences
(p<0.05, unpaired t-test) in cell adhesion. Minor dierences for tropoCI and HA did not aect
the overall result of the measurement, excluding an inuence of G-CSF on cell adhesion.
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Table 3.1: Variation of cytokine concentration and combination to optimize the cell culture medium for
cell adhesion studies. Medium 1 is an established cell culture medium optimized for HSC expansion with
high cytokine level. Medium 4 is the resulting culture medium optimized for cell adhesion studies with
low cytokine level.
Medium SCF FL3 IL3 TPO
1 100 100 50 -
2 50 50 25 - ng·ml-1
3 50 50 - 50
4 10 10 - 10
Figure 3.6: Proliferation (A) and dierentiation (B) of HSCs after 6 and 10 days of cultivation in
suspension culture. Two cytokine combinations and concentrations (high: containing SCF, FL3 with
100 ng·ml-1 and IL3 with 50 ngml-1 and low: containing SCF, FL3 and TPO with 10 ng·ml-1 each)
were compared. The cell proliferation is given in absolute cell numbers and the cell dierentiation was
determined using FACS analysis of the CD133 and CD34 stem cell markers. (n=3)
Figure (C) depicts the fraction of adherent cells in percent after 24 hours cell-ECM contact of freshly
isolated HSCs in comparison to HSCs after 6 days in a cell culture ask. (n=5-8)
3.2.2 Characterization of Cell Adhesion
For cell adhesion experiments, relevant ECMmolecules were covalently attached to PEMA coated
planar surfaces. A characterization of these well-dened surfaces is summarized in section 3.1.
The selected matrix molecules included FN, LN, tropoCI, CIV, HE, HS, HA, and co-brils of
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CI and HE or HA. These ECM components were not only selected according to their suggested
relevance for the HSC niche, but also referring to dierent adhesion pathways potentially trigger-
ing the adhesion of HSCs. Cell adhesion to the set of matrix molecules is mediated by integrins,
selectins and other adhesion receptors (like CD44), or indirectly via growth factors like SCF, as
discussed in subsection 2.2.1.
ECM dependent Fraction of Adherent Cells
Figure 3.7: Investigation of the fraction of adherent cells by sequentially taken phase contrast images A
and B. Image C is an overlay of image A and B, in which non-adherent cells (red marks) can be identied.
These cells moved within an image sequence of about 5 seconds. (scale bar: 50µm)
Figure 3.8: Fraction of adherent cells depending on ECM coatings and contact time. HSC adhesion was
analyzed after 24 hours (A) and after 3 and 24 hours (B) of surface contact by sequentially taken phase
contrast images. *Comparison bewteen fraction of adherent HSCs on HA or tropoCI and other ECMs
were statistically signicant (p<0.05, unpaired t-test). (n=3-8)
To obtain a rst overview, the fraction of adherent cells was investigated using a similar procedure
as the wash assays introduced in subsection 2.2.4. The common wash assay was slightly modied,
since the adhesion formation of HSCs is very delicate and the cells would be removed by standard
washing. Thus, a random ow induced by temperature gradients was used after removing the
samples out of the incubator. The fraction of adherent cells was counted from sequentially taken
phase contrast images by dening moving (red marks) and non-moving cells, see Figure 3.7.
By comparing the fraction of adherent cells in dependence on ECM coatings (Figure 3.8 A), it
can be concluded that HSCs adhere to FN, LN, CIV, co-brils, HE, and HS with nearly similar
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amounts (ca. 80% of the cells). TropoCI and HA show signicant lower fractions of adherent
cells of around 30%. The fraction of adherent cells was further used to characterize initial cell
adhesion after 3 and 24 hours. Results depicted in Figure 3.8 B reveal a time independent
adhesion of HSCs and prove again FN and HE, as adhesive ECM molecules, and tropoCI and
HA as low adhesive surfaces.
ECM dependent Adhesion Areas
The adhesion areas of HSCs in dependence of ECM coatings were investigated using RICM. The
RICM technique allows for a direct visualization of cell-ECM contact areas without inuencing
the cell culture by additional uorescent staining methods. The interference pattern of reections
of the substrate and cell membrane together with the usage of an anti-ex objective allows the
imaging of the contact areas of the cells with the substrate. The RICM technique is described in
detail in subsection 2.2.4. In Figure 3.9 A, a typical contact area examined by RICM is depicted.
Dierential interference contrast (DIC) images show the overall cell circumference (see Figure 3.9
B). An overlay of both RICM and DIC images (see Figure 3.9 C) sequentially taken at the same
objective position allow for an identication of adherent cells. Stationary (adherent) cells and
highly mobile or oating cells are distinguished, as the time interval between sequential images
was about 5-10 s.
Figure 3.9: Adhesion areas and adherent cells analyzed by RICM and DIC. Sequentially taken RICM
(A) and DIC (B) images are overlaid (C) and allow for an identication of adherent cells. Adhesion areas
are examined directly from RICM images. (scale bar: 5µm)
Figure 3.10 summarizes characteristic adhesion areas and adhesion behavior of HSCs depending
on ECM molecules. In case of FN, LN, CIV, HE, HS, and co-brils of CI and HE or HA, HSCs
adhered to the coated surfaces resulting in a congruent position of the adhesion area in the RICM
images and the cell circumference in the DIC images. In contrast, most cells moved within the
time delay on tropoCI and HA coated surfaces, as can be seen from the shifted DIC images.
Therefore, the cells were judged not to be attached to the surface.
From the RICM images it can be already seen that the adhesion area of adherent cells exhibit
dierent characteristics and sizes on the dierent matrix coatings. On FN, large irregular shaped
adhesion areas with dark contrast point to strong adhesion accompanied by large area of cell
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membrane-ECM contact. From the RICM images a similar tight interaction can be expected for
LN, CIV, and HE coatings, however with a smaller circular shaped contact zone.
Figure 3.10: ECM dependent adhesion areas and adhesion behavior of HSCs. Overlaid RICM and
DIC images sequentially taken at the same objective position with a time delay of 5-10 s. RICM images
show contact areas and DIC images show the overall cell circumference. Stationary (adherent) cells
in comparison to highly mobile or oating cells exhibit a contact area central below the overall cell
circumference. (scale bar: 5 µm)
Figure 3.11: Mean adhesion areas of HSCs after 24 hours of cultivation on matrix coatings (A) (n=3-4;
20-30 cells per surface). Polygonal shaped adhesion areas were determined as shown in (B) (FN is shown
as an example ). (scale bar: 5 µm)
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For the other adhesion stimulating matrix coatings, i.e. HS and co-brils, a similar small circular
contact zone was observed, however a less dark contrast, which was interpreted as a somewhat
larger separation distance between the cell membrane and the ECM. In order to quantify the
dierences in the adhesion areas, the extension of the minima in the RICM images were measured
as depicted in 3.11 B.
As expected, FN coatings exhibited the largest adhesion areas of 7.4± 1.2 µm2 per cell (see
Figure 3.11 A), while medium adhesion areas of 4.7± 0.4 µm2 were found on LN. Adhesion areas
on CIV, HE, HS, and co-brils were much smaller with 3.1± 0.4 µm2. Additionally, it has to be
mentioned, that the upper interference fringes in RICM images showed dynamic uctuations on
these surfaces when observed under the microscope pointing towards a weaker adherence of the
cells. Both, the characteristics of the adhesion areas and the fraction of adherent cells provide
consistent results (compare Figure 3.8).
ECM dependent Adhesion Strength
The nding that the dimensions of the adhesion area of HSCs depend on the contacting ECM
molecule suggest equally varying adhesion strength. To test this hypothesis, experiments under
shear stress and under centrifugal forces were performed to measure cell adhesion strength.
Both techniques are described in detail in subsection 2.2.4. Although both techniques provided
promising results, up to now none allowed the quantitative comparison of the ECM dependent
adhesion.
Figure 3.12 depicts preliminary results of a shear stress experiment using a highly adhesive (FN)
and an adhesion-inhibiting (poly(ethylene glycol)) surface. The HSCs were isolated from fresh
leukapharesis samples, stored in a culture ask over-night and grown on the relevant surfaces
over-night before application.
Figure 3.12: HSC detachment depending on ECM coatings. Shown is the fraction of adherent cells
normalized to the adherent cell number at τ=0, and the applied shear stress (τ) in Pa. Matrix coatings
are FN as an adhesive surface and poly(ethylene glycol) as an adhesion-inhibiting surface. (n=1)
From the sigmoid curve prole, which is in agreement with other adhesion studies (see subsection
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2.2.4), the value of 50% of adherent cells represents the mean inverse cell adhesion anity and
is used as a measure of adhesion strength. Therefore, a detaching shear stress of 0.04Pa on FN
and of 0.01Paon poly(ethylene glycol) can be estimated. These rst results demonstrate the
feasibility of such experiments but do not allow for meaningful discussion.
As discussed in subsection 2.2.4 (see Figure 2.11 and Equation 2.3) one can estimate the adhesion
force FT from the analyzed detaching shear stress t. Based on a nearly spherical shape of
adherent HSCs (radius R=5 µm), the observed mean adhesion area of HSCs adherent on FN
surfaces (a=7.4 µm2, see Figure 3.11 A), and the experimental assessed detaching shear stress of
t=0.04Pa the adhesion force FT of 89 pN was calculated.
A second approach aimed at analyzing the adhesion strength under centrifugal forces. A centrifu-
gal assay in ECM-coated 96-well plates was developed based on the centrifugal assay of Reyes
and Garcia [128]. In contrast to Reyes experiments, where a centrifuge with swinging arms ap-
plied a single centrifugal force to each well of a 96-well plate, in our approach, the 96-well plate
was xed horizontally in the center of a rotor as depicted in Figure 3.13. With this alignment,
a set of centrifugal forces is applied in one experiment as the resulting centrifugal force depends
on the radial distance of the well to the center of the plate. Equation 3.1 was adapted from [128]
and used to calculate the radius dependent centrifugal force, in which Fc is the centrifugal force,
r is the density of either the cell (ca. 1.07 g·cm-3) or the medium (ca. 1 g·cm-3), V is the volume
of the cell (524 µm3), w is the angular acceleration depending on the applied rotational speed,
and r is the radius of rotation of each well.
Figure 3.13: Centrifugal Assay for Adhesion Strength Analysis. The cells were seeded in ECM-coated
96-well plates. The plates are sealed and centrifuged. Counting cells before and after centrifugation gives
the fraction of adherent cells at the applied radius dependent centrifugal force. The equation is modied
from [128].
Fc = (ρcell − ρmed) · Vcell · ω2 · r (3.1)
First results of centrifugal experiments are depicted in Figure 3.14. The HSCs were seeded for
24 h in ECM-coated 96-well plates and thereafter centrifuged for 3min at 3000 rpm.
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Figure 3.14: HSC detachment under centrifugal forces in dependence on ECM-coatings: Shown is the
fraction of adherent cells in percent and the applied centrifugal force in pN. Matrix coatings are bronectin
and poly(ethylene glycol). (n=1; 4-8 wells per force)
The results show high scatter and are, therefore, inconclusive. The ECM coating of the 96-well
plates was hard to achieve in a homogeneous and reproducible manner at this experimental stage,
and therefore the experimental setup needs further optimization. However, in this experiment
it was observed again that HSCs adhere much stronger to FN surfaces than to poly(ethylene
glycol) surfaces. This trend was already shown in the adhesion analysis under shear stress.
3.2.3 Specicity of HSC Adhesion
To prove the specicity of cell adhesion on selected ECM-coated surfaces the involvement of
relevant cell-adhesion receptors was analyzed in detail for FN, LN, CIV, HE, HS and HA. HSCs
were incubated for 30min under cell culture conditions with adhesion blocking antibodies. As
control, non-blocking antibodies or isotype controls were applied. After pre-incubation, the cell-
antibody suspension was washed by centrifugation twice to remove unbound antibody molecules.
Thereafter, the modied HSCs were seeded and analyzed to determine the fraction of adherent
cells on ECM-coated surfaces in 3 to 5 independent experiments.
In order to analyze the specic adhesion receptor for FN the study was focused on the CD49E
(a5b1) integrin due to the high specicity of this integrin towards FN binding. The cell surface
integrins were modied by blocking (clone: SAM1) or non-blocking (clone: VC5) antibodies.
Blocking CD49E prevented the formation of adhesion areas and the fraction of adherent cells fell
to below 10% (see Figure 3.15). When the cells were incubated with non-blocking antibodies,
HSCs adhered on FN with a six-fold higher fraction of adherent cells and adhesion areas were
detected by RICM.
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Figure 3.15: Specicity of HSC adhesion on FN after 24 h of cultivation assessed by antibody blocking
experiments. Blocking CD49E surface molecules (SAM1) prevented cell adhesion reected in a six-fold
lower fraction of adherent cells.
As highlighted in subsection 2.2.1, cell adhesion on LN and CIV is supported by a2b1 and a6b1
integrins, synonymous with CD49B and CD49F. Figure 3.16 depicts results of the particular ex-
periments, where HSCs were pre-incubated either with blocking CD49B (clone: P1E6), blocking
CD49F (clone: GoH3) or with both antibodies. The data do not show that antibodies against
these molecules inhibit the HSC adhesion on LN or CIV.
In the case of HE, several possible adhesion mechanisms exist. Adhesion mediated by the growth
factor SCF [6] and the cell surface molecules CD45 [108], CD31, and CD62L [161, 150] are pro-
posed to be involved in the interaction of HSCs to HE-related GAG matrix components of the
niche microenvironment. For this reason, the fraction of adherent cells was measured in cell
cultures without SCF in the cell culture medium, or by pre-incubating the cells with antibodies
against CD45, CD31, or CD62L. As it can be seen in Figure 3.17 A, the absence of SCF in the
culture medium did not signicantly decrease the cell-HE interactions (as compared with the
control sample without (w/o) any antibody treatment or lack of SCF).
Antibodies against CD45 and CD31 did not prevent but slightly lowered cell adhesion. How-
ever, the fraction of adherent cells was almost three-fold lower when HSCs were modied by the
selectin-specic antibody CD62L. Inuences of non-specic binding of IgG1 antibodies on cell
adhesion could be excluded in control experiments.
Relevant cell-surface molecules that mediate HSC adhesion on HS are CD31 and CD62L, see
Figure 3.17 B. However, compared to the control samples only a simultaneous application of
CD31 and CD62L antibodies induced a slight decrease in the fraction of adherent cells.
Although only a minor adhesion of HSCs on HA was observed during cell adhesion studies (see
Figure 3.8), the role of CD44 surface receptors was tested in one set of experiments as it was
proposed to interact with HA [7]. Besides a conrmation of CD44 expression on freshly isolated
HSCs and on HSCs after 6 days of cultivation, as analyzed by FACS, the incubation of HSCs
with CD44 antibodies prior cell adhesion did not inuence the weak interaction as depicted in
Figure 3.17 C.
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Figure 3.16: Specicity of HSC adhesion on LN (A) and CIV (B) as fraction of adherent cells after 24 h
of cultivation analyzed by antibodies against CD49B, CD49F, or both cell-adhesion receptors. Control
samples were performed by an unspecic IgG antibody and without (w/o) antibody treatment.
Figure 3.17: Specicity of HSC adhesion on HE (A), HS (B) and HA (C) as fraction of adherent cells
after 24 h of cultivation analyzed by cell cultures without SCF in the medium (SCF) or antibodies against
CD44, CD45, CD62L, or CD31 cell-adhesion receptors. Control samples were performed by an unspecic
IgG antibody or cultures without (w/o) antibody treatment.
3.2.4 Discussion
The ex vivo expansion of HSCs is up to now hampered by the insucient understanding of
microenvironmental cues of the stem cell niche in the bone marrow and, therefore, often results
in an uncontrolled dierentiation of the cultured stem cells. To improve the knowledge on
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components and orchestrated factors of the niche, in vitro adhesion studies were performed using
engineered ECM-surfaces and a cell culture medium with moderate cytokine concentration.
With the aim to study adhesive signals induced by dierent ECM molecules, a cell culture
medium was optimized in pre-experiments. The optimized adhesion medium is based on moder-
ate concentrations of SCF, FL3 and TPO with 10 ng·ml-1 each and enables cell-ECM adhesion
at reduced cell proliferation and dierentiation. Further, independent analyses within our group
[85] prove the important role of cytokine concentrations. The optimized adhesion medium was
compared to a medium including the same cytokines at higher concentrations (30 ng·ml-1). While
adhesive signals were suppressed under high cytokine concentrations, the adhesion medium with
low cytokine concentrations enabled cellular response induced by HSC-ECM adhesion.
Interestingly, in cell adhesion studies analyzing the fraction of adherent cells on dierent ECM-
coatings, HSCs exhibit distinctive adhesive behaviors. FN, LN, CIV, HE, HS, and co-brils of
CI and HE or HA, strongly induce the adhesion of HSCs, while tropoCI and HA only mediate
weak interactions. Based on these results and the observation of adhesion areas, HSCs can be
specied rather as adherent cells than as suspension cells. Furthermore, the ndings that HSCs
adhere to molecules of the vascular (LN, CIV) and of the endosteal (FN, CI, CIV) niche regions
at least conrm the possibility of HSC interaction with both types of possible niches in the bone
marrow.
Further analysis applying the microscopic technique of RICM allowed for an in situ investigation
of the adhesion areas of HSCs on the full set of ECM-coatings. The analysis could be undertaken
without staining or xation of the cells, as RICM relies on the slight reections of unstained sub-
strate surfaces and cell membranes. As a general outcome of these adhesion studies it became
obvious that within the set of ECM-coatings three dierent adhesion types could be identied.
As summarized in Figure 3.18, three kinds of pattern were observed by RICM: (A) an integrin-
mediated adhesion, as observed on FN; (B) a selectin-mediated adhesion, as found on HE; and
(C) no signicant adhesion, as observed on tropoCI and HA.
Figure 3.18: Three characteristic types of adhesion areas of HSCs after 24 h of cultivation on ECM-
coatings. RICM images show (A) large irregular shaped areas with dark contrast for integrin-mediated
adhesion (FN), (B) small circular shaped dark areas (LN, CIV, CI/HE, CI/HA, HS) mediated by selectin
(HE), and (C) small circular shaped bright areas for non-adherent cells (tropoCI and HA). (scale bar:
5µm)
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The integrin-mediated adhesion on FN is characterized by at large areas with a tight membrane-
substrate contact - visible from the dark and even RICM contrast. The large contact zone
suggests a change of the cell shape as HSCs appear normally spherical in suspension culture.
This observation would lead to the conclusion that such a matrix coating can be expected to
realize a strong adhesion and could probably strongly inuence proliferation and dierentiation
of HSCs. This conclusion is in agreement with other studies [27] stating a distinct impact
of HSC adhesion via a4b1 and a5b1 integrins on HSC proliferation. While a4b1 integrins are
activated during G0/G1 phase of the cell cycle preferentially during S phase and post-mitotic
phase, at decreased cell migration, the cell adhesion is mediated by a5b1 integrins. Thus, the
analyzed HSCs seem to be in S and post-mitotic phase of the cell cycle since the adhesion
on engineered FN surfaces revealed an a5 integrin mediated adhesion in the adhesion receptor
blocking experiments. In contrast, LN and CIV induce small circular shaped dark adhesion areas.
But, the expected integrin (a2, a6) mediated adhesion could not be proved by function-blocking
antibodies. Therefore, HSCs might adhere indirectly on LN and CIV. From endothelial cells it
is known that FN mediates the indirect adhesion on CIV.
The adhesion characteristics of HSCs on dierent GAG demonstrate the expected importance of
these ECM polysaccharides. Besides proving the adhesion of HSCs to HS and HE, it could be
shown that the degree of sulfation of GAG molecules probably plays an important role in the
cell-ECM interactions as no adhesion was found on non-sulfated HA. Otherwise, the selectin-
mediated adhesion to HE and the adhesion to HS were characterized by smaller contact zones in
comparison to FN not leading to changes in cell shape. The dierent kinds of adhesive contact
induced by GAGs points towards a dierent function of these ECM bio-polymers in the bone
marrow niche. The induced less tight binding to HE and HA resemble the selectin-mediated
adhesion behavior of leukocytes rolling along the endothelial cell layer of blood vessels [107].
However, it would be misleading to limit the function of the selectin-mediated adhesion to GAGs
only to the adhesion on endothelial cells and transendothelial migration, since GAGs were shown
to inuence the maintenance of long-term culture initiating cells [53]. Furthermore, GAGs act
as receptors for cytokines and growth factors. By presenting these molecules to cells, the cell
adhesion is mediated indirectly. Interestingly, the adhesion on co-brils of CI and HA did not
follow the scheme outlined above as similarly high adherent fractions were found on the co-bril
coatings. This was surprising as pure HA layers did not support HSC adhesion to signicant
degrees. A simple integrin-mediated mechanism can also be excluded as no adhesion was found
on tropoCI, although the major CI binding integrin receptor a2b1 is expressed on HSCs [131].
However, the data on the HSC adhesion to the supra-molecular assemblies of CI agree quite
well with recent observations related to HSC migration on these matrices, indicating a stronger
interaction in comparison to (non-brillar) tropoCI layers [160]. Additionally, the newly discussed
non-integrin collagen receptors DDR1 and DDR2 [156] might support the adhesion of HSCs to
brillar CI.
Finally, it is interesting to discuss the reported ndings of dierent types of adhesion contacts
in the broader context of cell function. As shown with the RICM studies, integrin-mediated
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adhesion on ECM proteins, like FN, may cause a larger adhesion area as compared to selectin-
mediated adhesion on HE or HS. As revealed by force spectroscopy studies, the a5b1-integrin
binding to FN is stronger [91] than the binding of L-selectin to carbohydrates [37]. Additionally,
one important function of integrins is their intracellular linkage to the actin cytoskeleton and the
role in inside-out and outside-in signaling of adhesion- and force-related signals. Therefore, one
may refer to the idea of the tensegrity model, as discussed in section 2.2.3, or similar approaches
and consider the interaction of HSCs with dierent matrix components, i.e. proteins and GAGs,
as an important switch in stem cell fate control in the bone marrow niche. As proposed in the
tensegrity model and conrmed by several experiments [65, 100], the cell shape - governed by
extracellular linkages to matrix constraints - is tightly related to cell function down to the level
of protein expression and cell cycle control. Therefore, carefully dissecting the adhesive status of
HSCs may provide a means to unravel scenarios supporting either self-renewal or dierentiation.
However, such an analysis will have to include additional environmental cues of the complex
HSC microenvironment, such as growth factors and cell-cell interactions.
3.3 Single Cell Tracking on ECM coated 3D-like Microcavities
Based on the results obtained in the previous studies on adhesive ECM coatings and appropriate
cell adhesion mechanisms (i.e. integrin or selectin mediated adhesion) this section focus on the
investigation of HSC fate decisions in microcavities coated with a subset of promising ECM
molecules. In contrast to planar substrates, 3D-like surfaces enhance cell-ECM contact and were
shown to improve cellular response induced by exogenous factors of the microenvironment (for
discussion see section 2.2.3). Additionally, 3D scaolds further mimic the porosity of the bone
marrow serving as potential cell separation. To achieve a spatial arrangement of adhesion ligands,
microcavity-structured surfaces were designed. Details on the design and biofunctionalization
of the microcavity substrates are summarized in section 3.1. Spatial constraints regulating the
degree of cell-ECM versus cell-cell contacts, ranging from single-cell to multi-cell capacity, were
obtained by variation of the cavity diameter.
Apart from the interest in gaining a deeper understanding of HSC fate under the above described
conditions, it has to be highlighted that the insucient purity of isolated HSC populations and
the black box character of standard in vitro cell cultures strongly limit a gain in knowledge due
to the high complexity of cell fate decisions (see discussion in section 2.4). For these reasons, tools
to analyze HSCs on a single cell level, including high-content data of dynamical features such as
cell localization, migration, morphology, genealogy, cell cycle time, as well as cell dierentiation
in a time-discrete and time-continuous manner, were developed. As described below, the time-
continuous analysis of single cells has required the improvement of current microscopy techniques,
such as time-lapse microscopy and automated cell tracking tools. The design of microcavities was
optimized to enable trapping of HSCs during 3-4 days of imaging. In cooperation with Prof. I.
Roeder (head of the Institute for Medical Informatics and Biometry at the Medical Faculty Carl
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Gustav Carus at the Technische Universität Dresden), a semi-automated single cell tracking tool
was developed to analyze the time-lapse investigations at high temporal and lateral resolutions
and high information depth.
The technological developments described herein serve as an example on how to enable a time-
continuous tracking of dynamic features in general, as automated object tracking is of high
interest in dierent scientic areas.
3.3.1 Time-Discrete Analysis
In a rst approach, HSC localization and dierentiation in ECM-coated microcavities were inves-
tigated using time-discrete experiments. The advantage of this approach, as compared to time-
continuous analysis, is the simplicity of the data acquisition and experimental setups. Briey,
after a certain period of time, cell tracker green-modied HSCs were directly imaged by uores-
cence microscopy, or indirectly quantied by ow cytometry after trypsinization.
Figure 3.19: Set of 3D-like microcavities and typical images revealed by time-discrete analysis. The
microcavities have a depth of 10 µm and varying diameter (A). Phase contrast image of HSCs cultivated
on microcavities (B). Fluorescence image of HSCs visualized by cell tracker green (C). (scale bar: 40 µm)
Single-cell up to multi-cell capacity of the utilized microcavities was achieved by varying the
diameter of the cavities between 10, 15, 20, 30, 40 and 80 µm (for an example see Figure 3.19
A). The cavity depth was xed at 10 µm. Sequentially (2-5 s) taken uorescence and phase
contrast images at the same objective position (see Figure 3.19 B and C) provided data on cell
localization. Four dierent positions per surface were analyzed per time interval. Samples were
placed in a cell incubator in between the measurements.
To speed up the image analysis, a Matlab routine (see appendix 5.4.7) was developed, which
enabled to read out the number and localization of cells inside versus outside the cavities. Figure
3.20 successively depicts the algorithm path. Because of a square-symmetric organization, the
microcavity pattern was easily dened by x and y coordinates of only the rst and the last
cavities of a phase contrast image (see Figure 3.20 A). A mask dening areas inside and in-
between cavities was generated by reading out the number of completely visible cavities (see
Figure 3.20 A, small image). The uorescence image was then imported and transformed into
a binary image (small image in Figure 3.20 B), while de-noising was performed by structure
identication in combination of a threshold of 2 pixel. According to the created mask, the binary
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images were then segmented in single microcavity images (see Figure 3.20 C), and the number
of objects (i.e. cells) inside versus outside the microcavities were counted.
Figure 3.20: Analysis of HSCs inside and in between microcavities by a Matlab routine. From a phase
contrast image (A) the location of the rst and of the last cavity were dened by x and y. The uorescent
image was transformed into a binary image with subsequent noise removal (B). The binary image is then
segmented in the single cavity images and the number of cells inside the cavities can be counted (C).
The former adhesion studies described in subsection 3.2.2 showed that FN strongly mediates HSC
adhesion by integrin engagement, suggesting its important inuence on cell fate decisions. Single
cell analyses were therefore performed on FN-coated microcavities of 20 and 40 µm in diameter
(i.e. cavities of single-cell and multi-cell capacity). The initial, and after 24 h of cultivation, cell
localization inside or in between cavities was determined, and expressed as the fraction of cells
inside the cavities, in dependence on the microcavity diameter (see Figure 3.21 A). A second
experiment provided insights into cell dierentiation after long-term cell-FN contact. HSCs were
cultivated for 9 days on similarly dimensioned microcavities of 15 and 80 µm in diameter. Cell
dierentiation was assessed using ow cytometry by the expression of stem cell markers CD133
and CD34 (see Figure 3.21 B).
Figure 3.21: HSC localization and dierentiation in FN-coated single-cell (15 and 20µm) compared to
multi-cell (40 and 80 µm) microcavities. Analyses of HSC localization (A) and dierentiation (B) were
preformed in microcavities of 20 or 40 µm (A) and 15 or 80 µm (B) in diameter.
Besides an obvious residing of HSCs inside single-cell cavities (72%) when compared to multi-cell
cavities (25%) after 24 h of cultivation (see Figure 3.21 A), the dierentiation was found to be
suppressed after long-term (9 days) cultivation in small cavities with a high percentage of CD34+
and CD133+ HSCs (63% as compared to 13%) (see Figure 3.21 B). Interestingly, in small cavities
3.3 Single Cell Tracking on ECM coated 3D-like Microcavities 57
2% of early CD133+/CD34- stem cells were found, suggesting a more quiescent and immature
state of HSCs cultivated in single-cell cavities. As the ratio between the inside and outside areas
of the microcavities was independent of the cavity diameter (0.1), a gravity induced cell migration
into the small cavities can be excluded. Otherwise, the fraction of cells inside the cavities would
continuously increase over time. The localization of HSCs in small single-cell cavities suggests
a strong cell-FN interaction within these cavities regulating cell maintenance with a quiescent
HSC state in vitro as shown by the dierentiation studies. These ndings correlate well with the
observed strong integrin-mediated adhesion on such surface coatings.
In conclusion, both cell localization and dierentiation data suggest spatial connements, and
consequently enhanced HSC-ECM contacts in small cavities, positively inuencing the HSC
maintenance in vitro. The microcavity design was conrmed as a useful tool in analyzing and
regulating the HSC behavior in a 3D-like ECM.
However, time-discrete analysis are sucient to estimate but insucient to assess the whole
spectrum of available information on cell development in the designed microcavity surfaces, as
most of the data (i.e. cell localization, migration, morphology, dierentiation events, cell cycle
time and genealogy) are of high dynamic character. In contrast, time-continuous analysis would
enable to obtain data at much higher temporal resolution and enable to track single cell fates
in a heterogeneous HSC population. The inevitable heterogeneity of HSC populations in vitro
impairs the time-discrete analyses and the dissection of certain developmental processes that are
regulated at the single cell level (for discussion see subsection 2.3.1 and section 2.4). Single cell
analysis are of high interest since many cell fate decisions are made in response to local signaling
events (cell-cell and cell-ECM contacts), and the individual cell response diers depending on
the individual intrinsic cell state (maturation or cell cycle state). For this reasons, the analysis
of HSC fate under spatial constraints was also performed at a single cell level and in a time-
continuous manner.
3.3.2 Time-Continuous Analysis at Single Cell Level
The time-discrete experiments revealed spatial constraints in FN-coated microcavities as an im-
portant tool to regulate HSC maintenance in vitro. However, these studies failed at providing
for insights on the high dynamic character of cell development and on the impact of the hetero-
geneity of the HSC populations. To circumvent these limitations, tools for the time-continuous
analysis down to a single cell level were developed.
Single cell and time-continuous analysis demand improved technological tools. An experimental
setup using non-uorescence (i.e. non-invasive) time-lapse microscopy was introduced. The setup
enabled for a cell observation over several days with sub-minute temporal resolution. Avoiding
uorescence staining and uorescence microscopy circumvents negative inuences on HSC behav-
ior by these procedures due to dye- and phototoxicity. To handle the large amount of generated
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data, an algorithm for single cell tracking was developed in cooperation with N. Scherf, I. Glauche
and Prof. I. Röder at the Institute for Medical Informatics and Biometry at the Medical Faculty
Carl Gustav Carus at the Technische Universität Dresden.
Improved Microcavity Design
Figure 3.22: Design of microcavities to provide spatial constraints on HSCs in vitro. (A) Microcavities
of 80µm in diameter for time-discrete analysis, microcavities of either 15 µm (B) or 30 µm (C) in diameter
placed in arrays of larger wells for time-continuous analysis. (scale bar: 200 µm)
As the HSCs were able to easily exit the eld of view by migration throughout time-lapse imaging,
it was obvious that continuous tracking of single cells over longer times was impossible using the
existing microcavity design (see Figure 3.22 A). To circumvent this problem, a microcavity design
was especially conceived for time-continuous single cell tracking. The novel design was developed
by placing the microcavities of interest (15 and 30 µm in diameter and 10 µm in depth) inside
arrays of larger wells with 350 µm in length, 250 µm in width, and 100 µm in depth, as depicted
in Figure 3.22 B and C. The side walls of larger wells are inclined at an angle a of 87 deg to
reduce optical scattering at the well edges, thereby enabling a homogeneous illumination of the
well bottom (see Figure 3.23 A). The inclination angle a (see Figure 3.23 B) of a well 100 µm
deep was estimated from the illumination of a 40 µm deep well with perpendicular walls (see
Figure 3.23 C),which already exhibited strong optical scattering. The design, preparation, and
ECM-coating of the microcavities are described in detail in the experimental chapter, subsection
5.1.2.
Figure 3.23: Optimized well-illumination by inclined side walls. The homogeneous illumination of
the larger wells was enabled by an angle of inclination α (B) at 87° (A). In contrast, an angle at 90°
induced optical scattering at the well edges shown exemplary for a well of 40µm in depth (C). Optical
scattering negatively inuenced automatic cell tracking, and increased with increasing well depth. (scale
bar: 100 µm)
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The modied FN-coated microcavities of 15 and 30 µm in diameter were used to track HSCs on a
single cell level to obtain high-content data on HSC fate decisions induced by spatial constraints.
Automated Single Cell Tracking
Automatic detection and tracking of cells requires an image rate sucient to follow an object over
time without loosing its dened assignment. The optimal imaging rate depends on the velocity of
cell-migration, requiring a frame-to-frame cell overlap of half of the cell diameter for the reliable
assignment of each specic cell (for a discussion see section 2.4). Thus, single cell tracking put
high demands on appropriate analyzing tools, in imaging stability, and data handling. On the
other hand, long-time imaging of in vitro cultures is problematic in terms of desiccation and
temperature gradients. To overcome these diculties, state-of-the-art technology consisting of
a wide-eld microscope equipped with a temperature- and CO2 controller, and coupled with a
high-resolution camera was used. Further details on the microscope setup are summarized in the
experimental chapter, subsection 5.4.6.
An optimal initial cell number of about 10 to 20 cells per microstructured well was achieved
when 1.73Ö104 cells were seeded per cm².
In order to enable the required cell overlap of half of the cell diameter from frame to frame, the
frame rate was estimated from short image sequences as depicted in Figure 3.24.
Figure 3.24: Estimation of an optimal frame rate to enable a cell overlap of half of the cell diameter in
consecutive images. Example of image series captured at a frame rate of 60 s (A) and at a frame rate of
50 s. Decient cell overlap is marked with an arrow. (scale bar: 15 µm)
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Frame rates of 60 s (A) and 50 s (B) were compared. The shorter frame rate of 50 s resulted more
frequently (22 of 25; 88%) in the required overlap when compared with a 60 s frame rate (21 of
28; 75%). Therefore, a frame rate of 50 s was selected for time-lapse imaging corresponding to
an overlap of roughly half of the cell diameter.
To enable single cell tracking based on bright eld microscopy, the objective focus plane was
adapted to a value in which optical scattering illuminates the spherically shaped HSCs as white
objects, see Figure 3.25 A or 3.26 A. Image processing was performed by gray-level analysis.
Typical gray-proles are depicted in Figure 3.25 B.
For cell tracking, the contrast between cell and background was enhanced by background sub-
traction. The mean intensity of a number of frames was analyzed and subtracted. A resulting
image is depicted in Figure 3.26 B. Thereafter, image segmentation was performed by a thresh-
old, where noise objects of a few pixel only (about 2 pixel) were removed (see Figure 3.26 C).
Following image segmentation, each cell needed to be identied individually from frame to frame
by calculating the object overlap in consecutive images. The summary of a cell localization
analysis is depicted in the chart in Figure 3.26 C.
Figure 3.25: Cell tracking by gray-level analysis. A detail of a representative time-lapse image (A) and
its corresponding gray intensity prole (B) are shown. (scale bar: 15 µm)
Figure 3.26: Process of single cell tracking. The original time-lapse image (A) was modied by back-
ground subtraction (B) and image segmentation was performed applying a threshold to detect the cells
(C). Each single cell was nally identied from frame to frame by overlap calculations (see exemplary
chart in image C).
The developed tracking algorithm allows now to identify objects in a frame-wise fashion. Note-
worthy, cell shape, cell position, cell genealogy, and cell migration patterns can be followed over
several generations in an (almost) completely automatic manner on high-frequency image series
or using fragments of image series. To visualize the dynamic features of tracked HSCs, the divi-
sion history referred to as cellular genealogy, can be depicted in a tree-like fashion as shown in
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Figure 3.27. Additionally, time-dependent information on cell shape, location, velocity, cell-cell
contact and cell division events can be supplemented by color encoding.
Figure 3.27: Example of a cellular genealogy in a tree-like fashion supplemented by information on cell
area encoded by color. Further parameters regarding cell location, velocity, shape, and cell-cell contact
can also be included. A sample track with 1st and 2nd cell division is shown.
Tracking of HSCs in FN-coated Microcavities
In order to determine regulatory eects of spatial connements and of ECM contacts on HSC
development, the cells were now conned in the newly developed microcavities with single-cell
and multi-cell capacity. FN was used for surface-coating, since it is an expected regulator of
HSC maintenance in vitro. Time-lapse imaging enabled the continuous analysis at single cell
level. Briey, CD133 positive HSCs from peripheral blood were surface-cultivated for roughly
20 hours in a cell incubator to allow for cell sedimentation, after which they were placed in
a special microscopy-based setup (for details see subsection 5.4.6 in experimental chapter). By
imaging over 3 to 4 days at a frame rate of 50 s, 5000 to 6000 images were generated with initially
about 10 to 20 cells per well. Image analysis was performed by the newly developed cell tracking
algorithm from the group of Prof. Röder. Two dierent experimental setups with time-lapse
videos as duplicates of FN-coated cavities of 15µm (FN15) and 30 µm (FN30) in diameter were
analyzed. The fraction of the microcavity area to the total area of the well was maintained xed
at 0.1.
Table 3.2 summarizes mean values per image series of the number of cell divisions per initial
cell number, the cell velocity, the optical cell area (assessed by the number of object pixel), the
number of cells inside cavities per total cell number, and the cell shape (i.e. ratio of minimum
to maximum object diameter). The cell-cycle time was averaged per cell generation.
In contrast to cell shape (about 0.5, which is equivalent to a circular shape), and to the ratio of
cells inside cavities per total cell number (about 5, which is equivalent to a cell location inside
the cavities), the overall cell behavior was dependent on the cavity diameter. In small single-cell
cavities (FN15) HSCs exhibited a 1.4 fold lower cell velocity and cell area. Furthermore, events
of a 2ndcell division were absent, and the number of cell divisions per initial cell number was
slightly decreased.
The absence of a 2nd cell division in small cavities and the reduced cell area reveal a moderate
cell-cycle activity as a result of increased cell-FN contact. Interestingly, the cell-cycle activity is
down regulated in quiescent HSCs, indicating single-cell cavities as a positive regulator of HSC
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Table 3.2: The cell division, location, velocity and morphology are characterized by relevant parameters
of HSCs tracked in FN-coated microcavities having single-cell (FN15) versus multi-cell (FN30) capacity.
Analyses were performed on two independent time-lapse videos for each experimental setting.
unit FN15 FN15_2
cell-cycle time of 1stgeneration days 1.31± 0.76 2.23± 0.64
cell-cycle time of 2nd generation days - -
cell divisions per initial cell number - (8/12) 0.7 (7/11) 0.6
cell divisions inside to outside the cavities - 1.25 4.29
cell number inside cavities per total cell
number
- 4.6 5.55
mean velocity µm/min 4.26± 1.84 3.54± 1.36
mean optical cell area µm2 44.39± 2.84 31.2± 5.25
mean shape - 0.44± 0.08 0.54± 0.09
unit FN30 FN30_2
cell-cycle time of 1stgeneration days 2.09± 0.87 2.08± 0.65
cell-cycle time of 2nd generation days 1.28± 0.29 1.59
cell divisions per initial cell number - (16/16) 1 (13/17) 0.8
cell divisions inside to outside the cavities - 4.21 3.75
cell number inside cavities per total cell
number
- 5.69 5.41
mean velocity µm/min 5.83± 1.43 4.77± 1.76
mean optical cell area µm2 55.125± 4.25 53.97± 7.92
mean shape - 0.47± 0.1 0.44± 0.07
quiescence in vitro. These ndings agree with earlier results demonstrating that small FN-coated
cavities maintain a HSC quiescent and immature state [85].
Comparing the cell-cycle time of the 1st and 2nd cell generations on FN30 surfaces it was obvious
that the time decreased with increasing cell generation level. Furthermore, the reduced standard
deviations with increasing cell generation indicated a more synchronized cell-cycle activity for
these cells. A delay of the 1st cell-cycle time is in agreement with values of 36-48 h published
by Uchida et.al. [152]. This observation is a consequence of G-CSF treatment to induce HSC
mobilization prior to leukapheresis. However, as the beginning of a cell tracking experiment was
not exactly dened, absolute time values of the 1st cell-cycle time can not be analyzed. Variable
expenditure of time required for leukapheresis sample transport, including subsequent stem cell
isolation, and the sample-placement in an incubator for about 20 h prior to cell tracking, prevent
an exact detetermination of the acceleration time of an experiment. At least the cell-cycle time
of 1st generation cells is longer as the values summarized in Table 3.2.
As the tracking algorithm enabled a high temporal resolution at a single cell level, further analysis
was focused on the dynamic evolution of cell velocity and on the cell area of dividing and non-
dividing HSCs. Each of the 4 time series were divided into time intervals of 12 hours and the
cell velocity and cell area were tracked for all dividing and non-dividing cells existing throughout
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Figure 3.28: Tracking of HSCs in FN-coated microcavities of 15µm or 30µm in diameter. Cell ve-
locity was calculated in time intervals of 12 hours for dividing (A) and non-dividing HSCs (B). Absent
measurements appeared as a result of the absence of dividing cells in the early or late time-lapse phases.
the time intervals. Absent measures appeared as a result of no cell division in the early or in the
late phases of the time-lapse videos.
While the cell velocity of dividing HSCs was temporally increasing, the velocity of non-dividing
HSCs was constant over time (see Figure 3.28 A and B). Comparing the impact of spatial
connements on the dynamic migration pattern it was obvious that in general, HSCs cultivated
on FN30 exhibited higher migration activity. As most of the cells resided inside the cavities
(see Table 3.2), this nding is not surprising. Cell connement inside the smaller microcavities
down-regulated cell velocity to a minimum, while HSCs in multi-cell cavities were able to explore
a larger area inside the cavity. Interestingly, dierences in migration patterns were also observed
in dependence of cell generation. While HSCs of the 1st generation showed a nearly constant
velocity, HSCs of the 2nd generation showed a strongly higher and increasing velocity.
The real size of a cell cannot be assessed by the used microscopic setup (defocused modus). The
analyzed optical cell area was used as a surrogate parameter. In Figure 3.29 A and B the cell
area of dividing and non-dividing cells is depicted in a time-dependent manner.
Figure 3.29: Tracking of HSCs in FN-coated microcavities of 15µm or 30µm in diameter. Cell area,
referred to as optical cell area, was calculated in time intervals of 12 hours for dividing (A) and non-
dividing HSCs (B). Absence of measurements appeared as a result of the lack of dividing cells in the early
or late time-lapse phases.
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A comparison of the cell area of dividing versus non-dividing HSCs revealed a smaller cell area of
quiescent (i.e. non-dividing) HSCs, which was around 40µm² compared to 70µm². The impact
of cavity sizes on the dynamic behavior of the cell area was also quite prominent. While HSCs,
dividing and non-dividing, in multi-cell cavities slightly increased in size over time, a connement
in single-cell cavities either decreased or had no eect on cell area.
In order to analyze in detail the dependence of cell velocity and area on the cell cycle state of
single HSCs, cellular genealogies were processed by the tracking tool and encoded by a color
overlay. Figure 3.30 depicts a particular sample in which the color scale from blue to red encodes
migration velocity from slow to fast (A) and cell areas from small to large (B).
Figure 3.30: Genealogies of HSCs encoded by a color overlay to reveal dynamic parameters at single
cell level. The cell velocity and the cell area are encoded by color overlay of the cellular genealogies of a
particular sample. A color scale from blue to red encodes migration velocity from slow to fast (A) and
cell areas from small to large (B).
The color overlay illustrates an obvious switch in cell velocity appearing immediately before
mitosis. Typically 1 to 2 h prior to cell division, the cell velocity came to a rest while the
daughter cells slowly restarted migration in a similar time period. Such migration dynamics are
well-known, since cell division processes require a rearrangement of intracellular molecules.
In contrast, the cell area was doubled within a time frame of about 10 to 15 h prior to cell
division. After mitosis, the cell areas of daughter cells were half in size of the mothers cell area.
An increasing cell area (i.e. volume) prior to cell division is not surprising, as cell area dynamics
underlying cell division is caused by DNA replication.
However, while an increase of cell area was observed for all dividing HSCs, a migration rest was
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not required for cell division. In this case, the heterogenic properties of the HSC population
were reected, as particular cells exhibited slow migration patterns during the complete image
series or even during cell division. The analysis of cell area and cell velocity dynamics were
additionally shown to provide information on a cell division event already with some hours in
advance, since both values were increasing in a relatively xed time frame. The experimental
setup, including single cell tracking methodology, was able to monitor quiescent HSCs directly
without inuencing the cell culture.
3.3.3 Discussion
The HSC niche is a complex network of cell-ECM and cell-cell interactions, which are suggested as
the regulators of stem cell maintenance and dierentiation in vivo. With the aim to understand
this regulatory network and to control cell fate decisions throughout in vitro cell expansion,
several eorts were undertaken ranging from in vitro co-cultures up to studies using in vivo
mouse models. Standard time-discrete cell cultures at a cell population level do not provide a
sucient temporal and cellular resolution to dissect such complex interactions. Therefore, an in
vitro approach using a time-continuous analysis at a single cell level was in need to be developed
to dissect the cellular development in 3D-like ECM environments.
Microcavity Design and Regulation of HSC Maintenance under Spatial Constraints
The developed 3D-like microcavity design is a meaningful tool to study stem cell fate decisions
under spatial constraints and varying cell-ECM and cell-cell contacts down to a single cell level.
Extracellular cues ranging from matrix proteins and GAGs to growth factors, can be included
in such an analysis. Figure 3.31 A depicts the current HSC niche model in which a cycling or
rather non-adherent cell enters the cell dierentiation program.
Figure 3.31: The HSC microenvironment model in vivo and in vitro. In the current model on the
HSC niche, a cycling HSC entrance into cell-dierentiation programs (A). Some aspects of the HSC
microenvironment are mimicked in vitro by PDMS-based microcavities. Depending on the cavity size a
single-cell (15µm in diameter, B) or a multi-cell (30 µm in diameter, C) microenvironment was designed.
The single-cell microenvironment is expected to mediate HSC quiescence and maintenance by enhanced
cell-ECM contact, while a multi-cell microenvironment mediates cell proliferation and dierentiation
supported by decreased cell-ECM contacts. (Scale bar: 10µm)
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The designed microcavities are suggested to mimic such a stem cell microenvironment regarding
the single-cell versus the multi-cell character referred to as cell-ECM versus cell-cell interactions,
see Figure 3.31 B and C. Furthermore, adhesive contacts within small cavities are enhanced,
suggesting an increased regulatory eect from cell-ECM contacts in this case. An independent
time-discrete study [85] previously revealed a reduced proliferative activity, and a more immature
state, of HSCs residing in FN-coated single-cell cavities. The current discussion on the HSC niche
as a niche having single-cell capacity in vivo [106], further highlights in vitro cell cultures under
spatial constraints as a reasonable approach to investigate the stem cell fate.
The results of single cell tracking in single-cell compared to multi-cell microcavities revealed
the important impact of spatial constraints on cell-cycle activity, cell velocity and on the cell
size analyzed by the optical cell area. Small microcavities enhanced the number of engaged cell
surface integrins, which are well-known to mediate inside-out and outside-in signaling at a
molecular level. Interestingly, the enhanced HSC-FN interaction within these microcavities was
shown to down-regulate the cell-cycle activity with respect to cell-cycle time and cell division
events, and to maintain the HSCs in a quiescent state. Cell velocity and cell area were lower
in these single-cell microcavities as well. Cellular genealogies nicely highlighted a cell rest, as
well as an area enlargement, prior to cell division events, which can be used to predict cell
mitosis directly throughout a cell culture (i.e. online measurement). Furthermore, the tree-like
illustration of cell fate decisions can reveal information on symmetric versus asymmetric cell
division, as daughter cells can be directly compared regarding their cellular development. The
introduction of a cell dierentiation marker would additionally enable the direct detection of cell
dierentiation depending on the genealogical history.
Single Cell Tracking
A successful time-continuous single cell tracking was achieved by non-uorescent time-lapse mi-
croscopy in an optimized microcavity design. The high-content data analysis required the devel-
opment of a single cell tracking tool, which enabled an (almost) automated analysis of dynamic
cell features such as cell velocity, cell morphology, cell localization, cell division, and cell-cycle
time. However, it became clear that the applied frame rate of 50 s was sometimes insucient
to meet the expectation of a cell overlap of half a cell diameter of a tracked cell between two
consecutive image frames during the whole experiment. As a result of an increasing migration
rate with time, and of randomly high migration rates of individual cells, the tracking algorithm
sometimes failed to identify all of the cell identities, consequently complicating analysis of co-
herent genealogies. To overcome this problem, randomly fast migrating cells were detected by
virtually enhancing their object area up to twice the original object diameter in the tracking
algorithm. Subsequent overlap calculations revealed object overlaps underlying the enlarged ob-
ject area. Nevertheless, it must be mentioned that such an algorithm triggers cell assignment
problems in cell cultures of high density. As fast migration is usually a problem of low density
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cultures, the two problems and detection algorithms could eventually be weighted against each
other. On the other hand, the frame rate could be further increased keeping in mind the ad-
verse eects on HSCs due to light toxicity, and the technological limitations associated with the
acceleration process of the scanning table. From a worst case scenario perspective, in which
the smallest object diameter is 5.6 µm (observed in FN15_2) and the highest cell velocity is 9
µmmin-1 (observed in FN30_2), the optimal frame rate would be 19 s.
Further problems occurred from the geometry of the cell culture scaolds and the optical illumi-
nation. When cells migrated up the walls of the well (see Figure 3.32A, red label), or appeared
near the cavity walls (see Figure 3.32 C, blue label), they either exhibited a gray value similar to
the background (Figure 3.32 B, red label) or were detected as two independent objects (Figure
3.32 D, blue label). Such problems still required manual corrections of the automatic tracking
analysis. The already implemented background subtraction of the mean intensity of a number
of frames improved somewhat the tracking eciency, otherwise cells could be recovered more
eciently in the next but one image.
Figure 3.32: Problems occurring in automatic single cell tracking. When cells migrated up the walls
of the well (A, red label), or appeared near the cavity wall (C, blue label), their gray value was similar
to the background value (B, red label) or were detected as two individual objects (D, blue label). (Scale
bar: 15 µm)
As mentioned above, cell assignment in dense cultures was quite dicult. When objects overlap
with more than one object in one image or when objects overlap in a series of consecutive images,
they were identied as one singular object. This problem occurred mostly at high cell densities
after about 3 days of culture. The solution of such problems often required manual interference.
Further improvements of the tracking algorithm to solve this problem could be achieved by
including additional features, like object shape and size, in the assignment procedures. It should
however be noted that even than it will remain dicult or impossible to correctly assign tightly
overlapping or even directly overlying cells.
Furthermore, the microwell design was not sucient to restrict HSC migration to the microwell
bottom in case of FN coatings. Thus, HSCs were able to leave the focus plane and the eld of
view, or to enter it at later time points. This issue further complicated the automated tracking,
and sometimes hindered the investigation of complete genealogies. To overcome this problem,
one could use micro-contact printing or similar techniques to generate anti-adhesive well walls
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and thus prevent cell-wall migration.
Additionally, it has to be mentioned that the selected time frame of cell tracking was too short
for a detailed study on cellular genealogy. Only rst and rarely second cell divisions could be
observed. A prolonged duration of the time-lapse experiments would however lead to higher




The capability of self-renewal and dierentiation make human HSCs not only interesting for
therapeutic approaches to leukemia but also for basic research on the understanding of stem cell
development. In vivo, mammalian HSCs reside in a specialized microenvironment located in the
bone marrow -referred to as stem cell niche- where self-renewal and dierentiation is regulated by
a complex network of intracellular and extracellular signals. The aim of this work was to improve
the currently incomplete knowledge on regulatory niche components, especially to assess the role
of ECM molecules and their spatial arrangement in controlling HSC fate decisions in vitro.
The interaction of HSCs with the ECM was analyzed in detail by cell adhesion studies for a set
of matrix molecules present in the hematopoietic microenvironment. These studies were com-
plemented by HSC-fate (i.e. cellular genealogy) analysis in biomimetic 3D-like microcavities. As
a major outcome, HSCs were found to exhibit intense adhesive contact to matrix molecules, in
contrast to the former idea of HSCs being suspension cells. Furthermore, it was shown that the
mechanism of HSC adhesion can be modulated in dependence of the type of the ECM compo-
nent and background cytokine levels. An enhanced integrin-mediated interaction under spatial
constraints was concluded to mediate a quiescent and undierentiated state of HSCs in vitro.
In addition to the ndings regarding the HSC-ECM interaction, the newly established non-
interfering techniques of RICM and single cell tracking contributed to a more detailed under-
standing of in vitro HSC culture analysis. By using RICM, signicant dierences in the size
and morphology of the adhesion contacts of HSCs to the compared ECM molecules were found
revealing a specic interaction scheme between the HSCs and the specic matrices without
any interfering by uorescent dyes. The observed characteristic adhesion areas suggested an
ECM-dependent adhesion strength and the regulation of the HSC fate by adhesive interactions.
Consequently, the HSC-fate was analyzed in engineered biomimetic 3D-like microcavities, which
enhanced the number of matrix molecules in contact to the HSC and, by that, their impact on
HSC fate. In such experiments, the spatial connement in 3D-like microcavities was found to
better maintain HSCs in a quiescent and immature state, and is suggested to better mimic the
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in vivo microenvironment of the HSC niche. To ensure meaningful studies of the HSC fate in the
biomimetic microcavities, an experimental setup was developed that enabled time-continuous
cell tracking at a single cell level.
On one side, a versatile and robust surface engineering technology was established to perma-
nently modify PDMS-based microcavities with functional biomolecules. Low-pressure plasma
treatment and a reactive polymer coating were used to covalently attach ECM proteins, GAGs,
and co-brils thereof via maleic anhydride copolymers. Specic adhesion ligands could be stably
presented in a homogeneous way at dened surface densities.
On the other side, a time-continuous tracking analysis based on brighteld time-lapse microscopy
was established to circumvent current shortcomings of conventional time-discrete approaches on a
cell-population level due to the unavoidable heterogeneity of HSC populations in vitro. Together
with collaborators from the Technische Universität Dresden an automated tracking tool was
developed to accelerate the analysis of time-lapse microscopy studies and to reveal high-content
data. The algorithm was used to dissect important dynamic features regarding cell morphol-
ogy, migration, cell-cycle dynamics, and cell localization encoded in cellular genealogies. The
cell-cycle studies at a single cell level highlighted that small cavities with enhanced cell-ECM
contacts maintain HSCs in a quiescent state.
Figure 4.1: Science and Technology: New insights and tools for the understanding of HSC development.
In conclusion, the immobilized adhesion-ligands, the optimized microcavity design, and the new
single cell tracking tools provided technologies to investigate and control cell fate decisions under
various microenvironmental constraints adapted from the in vivo HSC niche. As sketched in
Figure 4.1, the presented study contributes in several aspects to the current understanding of
the HSC development. The endosteal as well as the sinusoid microenvironments were conrmed
as possible in vivo niche locations as molecules originating from both regions mediated HSC ad-
hesion. Furthermore, cell-ECM contacts were shown to regulate cell fate decisions. Noteworthy,
a quiescent state of HSCs was maintained in vitro under spatial constraints in small microcavities
with enhanced adhesive contacts.
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The newly developed technology enabling time-continuous single cell tracking is of high interest
not only in HSC research. The tracking tool can be used to predict cell behavior concerning cell
division events without interference to the cell culture. In fact, the developed automated cell
tracking tool, as well as the microcavity setup, can be transferred to study other cell types. The
addition of uorescent analysis at moderate time intervals would further enable well dened cell




5.1 Surface Preparation and Functionalization
Each cell experiment was performed on a cell culture substrate, either planar or structured,
coated with a poly(ethene-alt-maleic anhydride) (PEMA) layer. The main advantage of such a
sophisticated surface preparation technique is the possibility of a dened covalent or physisorptive
attachment of biomolecules like ECM proteins or GAGs, and the matrix molecule immobilization
at dened surface concentrations. Table 5.2, 5.3, 5.1, 5.4, and 5.5 in section 5.5 summarize all
the main information on chemicals, ECM molecules as well as devices used in this work.
5.1.1 Planar Surfaces
PEMA-functionalized planar surfaces were prepared on glass coverslips and used for cell adhesion
studies or to characterize the surface immobilization of ECM molecules. The surface functional-
ization is shown in Figure 5.1 C.
Thin lms of PEMA were obtained by spin-coating a 0.15wt-% PEMA solution in acetone and
tetrahydrofurane with a ratio of 1:2 onto cleaned and aminosilanised coverslips, according to the
procedure described in [122]. Briey, the coverslips were pre-cleaned, using ultrasonication in
deionized water and ethanol for 30min each. Thereafter, the coverslips were freshly oxidized
in a solution of hydrogen peroxide, ammonia and deionized water in a ratio of 1:1:5 (in vol-
ume). Following this, an amino functionalization occurred by exposure to a 20mM solution of
3-aminopropyl-triethoxy-silane in isopropanol and water, ratio 9:1 (v:v) for 2 hours. Covalent
attachment of the amino-silane to the freshly oxidized coverslips was achieved by annealing at
120 °C for 1 hour. Thin lms of PEMA were obtained by spin-coating of the 0.15% co-polymer
solution. For a stable covalent binding based on imid bonds with the amino-silane, the surfaces
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were annealed at 120 °C for 2 hours. Non-covalently bound PEMA was rinsed o during an au-
toclave cycle at 121 °C, 2.1 bar for 20min in water. For covalent attachment of ECM molecules,
the co-polymer anhydride groups were regenerated by annealing at 120 °C for 2 hours.
Analysis of cell adhesion in a centrifugal eld was performed in PEMA coated polystyrene bottom
96 well plates. For that, the bare well plates were ammonia-plasma treated in a plasma device
(MicroSys) applying 400W, 1000Hz for 300 s to create freely accessible amino functionalities for
the co-polymer attachment. 40µl of a 0.1wt-% solution of hydrolyzed PEMA in deionized water
was dropped per well and dried overnight. Covalent bonds were formed during 48 hours at 90 °C
under vacuum. Non-covalently bound PEMA was rinsed o during extraction in deionized water
for 24 hours. The anhydride groups of the thin PEMA layer were reactivated by annealing the
surfaces at 90 °C for 48 h.
5.1.2 Microstructured Surfaces
To analyze single cell fate decision under spatial constraints, structured surfaces were used for
time-lapse microscopy. The characterization of immobilized ECM molecules was performed as
well. The microcavity preparation, their design as well as the surface modication steps are
shown in Figure 5.1 A, B and C.
Microcavity master structures were made from silicon wafers by photolithographic etching tech-
niques (GeSiM, Groÿerkmannsdorf, Germany). The silicon masters were cleaned using ultra-
sonication in deionized water and ethanol for 30min each. Thereafter, the masters were freshly
oxidized in a solution of hydrogen peroxide, ammonia, and deionized water in a ratio of 1:1:5
(v:v:v). Following this, the masters were modied by exposure to (heptadecauoro-1.1.2.2-
tetrahydrododecyl)dimethyl-chlorosilane in gas phase for 24 hours, rinsed in toluene, and dried
in a stream of nitrogen. Before molding, the masters were xed with an adhesive (Loctite 401) in
glass petridishes. Sylgard 184, a two-component clear silicone elastomer, also known as PDMS,
was used to mold the microcavities. Base and crosslinker were mixed according to the supplier`s
protocol in a ratio of 10:1 (w:w). The mixture was degassed applying vacuum for 30min and
subsequently poured onto the silicon master structures. The amount of PDMS was adjusted
to achieve a lm thickness of roughly 1mm. After curing for 4 hours at 65 °C the structures
were removed from the master and non-crosslinked low molecular weight PDMS molecules were
removed by extraction in heptane for 24 hours. Thereafter, the remaining heptane was removed
from the samples by evaporation at 90 °C under vacuum for 24 hours. After this procedure, the
PDMS molds were xed on coverslips, if necessary. For that reason, both, the coverslip upper
side and the mold lower side were cleaned with a carbon dioxide snow jet. After a low pressure
oxygen plasma treatment for 30 s at 7W, using a plasma cleaner (Harrick PD002), both materials
were placed on each other.
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Figure 5.1: Design and preparation of functionalized surfaces. (A) The design of master structures
used to mold the microstructures for time-lapse microscopy is shown. (B) depicts the molding procedure
and the surface functionalization as well as the use of these structures in cell experiments. (C) The
chemical structure of poly(ethene-alt-maleic anhydride) (PEMA), the annealing procedure and the ECM
immobilization are shown.
After snow-jet cleaning, the PDMS microcavities were hydrophilized under low pressure oxygen
plasma for 1min applying a power of 10W. Thereafter, amino-functionali- zation was done by
incubation in a 20mM 3-aminopropyltriethoxy-silane in ethanol and deionized water, 9:1 (v:v),
for 2 hours. The substrates were rinsed in ethanol and dried at 120 °C for 1 hour. Covalent
attachment of PEMA was achieved by shaking fresh amin-functionalized substrates in a 0.15%
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(in weight) solution of hydrolyzed PEMA in ethanol for 2min and subsequent heating at 120 °C
for 2 hours. Non-covalently bound PEMA was rinsed o in deionized water applying 121 °C and
2.1 bar for 20min in an autoclave.
Hydrolyzed solid PEMA was prepared by dissolving the polymer in deionized water during an
autoclave cycle, freezing the solution in liquid nitrogen and subsequently extracting the solid
co-polymer by lyophilization.
5.1.3 Extracellular Matrix Immobilization
Due to the anhydride groups of PEMA-modied planar glass coverslips or structured PDMS
based surfaces, the covalent immobilization of ECM proteins and GAG was enabled. Therefore
the anhydride groups of the PEMA layer have to be regenerated by applying 120 °C for 2 hours.
Matrix molecules used to analyze cell-ECM interactions are proteins like FN, LN, tropoCI and
CIV as well as GAGs like HE, HS and HA. A combination of protein and GAG was fabricated by
co-bril formation of CI and HE or HA. Molecular weights and sources of these matrix molecules
are depicted in Table 5.3, section 5.5.
Protein Immobilization
Prior to protein immobilization the freshly annealed PEMA-coated microcavities were shortly
moistened with PBS solution under vacuum, to ensure full wetting of the microcavities. On
planar surfaces the protein solution was directly dropped on the substrates after anhydride
regeneration of the PEMA layer. The applied solution concentrations of FN, LN, and CIV was
50 mgml-1 in PBS unless otherwise stated. Covalent protein attachment and protein saturated
surfaces were obtained after 1 hour incubation with the protein solutions. After immobilization,
non-covalently bound protein was removed by rinsing three times with PBS.
Tropo-CI surfaces were prepared by evaporation of a diluted CI solution at a concentration of
0.1mgml-1 in 0.012N hydrochloric acid at room temperature for about 20 hours. Thereafter,
the surfaces were washed with PBS leaving a protein saturated surface.
GAG Immobilization
Covalent immobilization of HE, HS and HA was enabled by a PEMA modication with amine
moieties. Planar surfaces or microcavities with recycled anhydride groups of the PEMA layer
were incubated for 4min in a 0.1M 1.4-diaminobutane solution in isopropanol. Subsequent
rinsing steps in isopropanol, deionized water, 0.01M hydrochloric acid, and deionized water
again were performed. After drying in a stream of nitrogen, the formed amide bonds were
converted into imide groups by annealing at 120 °C for 2 hours. Thereafter, 1mgml-1 HE or HA
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in 0.1M borate-buer pH8 containing 400mM N-(3-dimethylaminopropyl)-n-ethylcarbodiimide
hydrochloride was dropped on the surface and incubated for 4 hours. Non-covalently bound GAG
was removed by autoclaving at 121 °C and 2.1 bar for 20min.
Co-brils of CI and HE or CI and HA were prepared from a mixture of CI with HE, HS or HA
in PBS at 4 °C at a nal concentration of 1.2mgml-1 CI and 0.4mgml-1 GAG. Adjustment of
ionic strength and of pH to a value of 7.4 was accomplished by addition of a 10-fold concentrated
PBS and 0.1M sodium hydroxide solutions. Fibril formation was initiated by increasing the
temperature to 37 °C. After 20 hours the CI-GAG gel was removed and the surface was washed
with PBS leaving a thin layer of co-brils.
5.2 Surface Characterization
In order to ensure well dened cell culture substrates, the surfaces were characterized with respect
to the microcavity molding accuracy of PDMS as well as to the homogeneity, stability and surface
concentration of immobilized ECM molecules. The following sections review the main analyzing
methods.
5.2.1 Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy (LSM) was used to analyze the stability and homogeneity of
surface immobilized tropoCI, HE and HA.
Using tropoCI, HE, and HA mixtures of uorescein-5-isothiocyanate (FITC) conjugated and
non-conjugated forms of these molecules in a ratio of 1:16 for surface immobilization similar to
the procedure described above, the homogeneity and stability was investigated. The uorescence
intensity was followed over 3 days of incubation in PBS containing 10% FBS using a LSM
equipeed with a 40 x oil objective.
5.2.2 High Performance Liquid Chromatography
The surface concentration of immobilized LN and tropoCI were analyzed using high performance
liquid chromatography (HPLC) after amino acid hydrolysis.
The surface immobilization of LN, tropo-CI and brillar CI was performed as described above.
In order to refer to a dened immobilization area, the coverslips were placed in special immo-
bilization chambers. After immobilization non-covalently bound molecules were rinsed o with
deionized water and the coated surfaces were stored at - 20 °C prior to analysis. The procedure
of amino acid hydrolysis and HPLC is described elsewhere [134].
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5.2.3 X-ray Photoelectron Spectroscopy
To analyze immobilized amounts of HE and HA, X-ray photoelectron spectroscopy (XPS) was
used.
GAG coatings were prepared as described above and analyzed by XPS using an Amicus and Axis
spectrometer with an information depth of around 8 nm at a xed detection angle of 0 °. The C1s
spectra were tted with the three major components of the system: carboxylic and anhydride
groups (peak at approx. 289 eV), hydroxyl and ether groups and similar carbon congurations
(peak at approx. 286.5 eV), and aliphatic groups (peak at approx. 285 eV). Data were analyzed
by means of CasaXPS (Casa Software Ltd., UK) and OriginLab (OriginLab Corporation, USA)
software.
5.2.4 Scanning Electron Microscopy
SEM was used to analyze the accuracy of microcavity molding, but also to analyze the coating-
homogeneity of co-brils of CI and HE or HA on planar and structured surfaces.
To proof the microcavity molding accuracy, structured PDMS based microcavities were prepared
including heptane extraction. After drying and heptane removal under vacuum at 90 °C, samples
were xed on cover slips and gold coated for SEM analysis.
Surfaces of co-brils were prepared with dierent experimental conditions to improve the coating
of structured PDMS surfaces. For SEM, samples were rinsed with deionized water and dried
overnight prior to gold coating in a sputter coater applying 60mA for 40 s.
5.3 Cell Culture
Exclusively G-CSF mobilized, human HSCs from peripheral blood of healthy donors, collected
after informed consent, were used in this work. Mobilization, achieved by subcutaneous injection
of 7.5 mg/ (kgÖ day) granulocyte-colony stimulating factor (G-CSF) (Granocyte, Chugai Pharma,
Frankfurt, Germany) for 5 days, and collection were done at the Universitätsklinikum Carl
Gustav Carus, Medizinische Klinik und Poliklinik I, Dresden under the supervision of Prof.
Martin Bornhäuser.
5.3.1 HSC Isolation
CD133 positive hematopoietic stem and progenitor cells (HSC) were puried directly after leuka-
pheresis using immunomagnetic separation according to the manufacturers recommendations
(indirect CD133 Progenitor Cell Isolation Kit, Miltenyi Biotec, Bergisch-Gladbach, Germany).
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Antibody and blocking reagent concentration were adapted to achieve a high yield with minimal
reagent consumption. Briey, HSC were washed with PBS buer, containing 2mM ethylene-
diaminetetraacetic acid (EDTA) and 0.5% human serum albumin (HSA). The cell pellet was
resuspended in 0.5ml buer and incubated with blocking agent and anti-CD133-biotin at a vol-
ume of blocking agent to antibody and initial leukapheresis of 2:1:16 (in volume) and placed for
10 min in the fridge. After washing with buer again, the cell pellet was resuspended in 0.5ml
buer once more and anti-biotin-microbeads were added at a volume ratio of 1:8 antibody to
volume of initial leukapharesis sample. A third washing step was performed and CD133 positive
HSC were harvested by a LS-column placed in a magnetic eld, followed by two washing steps
with 3ml buer. Retained cells were collected from the column, applied to a MS-column placed
in a magnetic eld, and washed again with buer. Puried CD133 positive HSCs were collected
from the MS-column, washed with buer, resuspended in cell medium and counted in a casy cell
counter.
According to the suppliers information, the implemented microbead for magnetic separation
was a sugar encapsulated hematite core of about 10 nm in diameter, that will be metabolized
during 1 hour to 1 day depending on the cell activity.
Otherwise stated, the HSC were cultivated in serum free, HEPES buered CellGro® medium
supplemented with SCF, FL3 and TPO at 10 ngml-1 each.
5.3.2 HSC Cultivation on Planar and Structured Surfaces
HSCs were cultivated on planar surfaces in order to analyze cell-ECM interactions e.g. cell
adhesion and integrin expression depending on dierent matrix coatings. Structured surfaces
were used for studies of cell fate in dependence on cavity size and cell-ECM interaction. For cell
culture and analysis, the PDMS based microcavities were xed on glass coverslips or in center-
well culture dishes, depending on the microscope setup.
For each experiment, freshly isolated cells were seeded on ECM-coated coverslips, pre-incubated
with cell medium at 37 °C, at a nal concentration of 1.96Ö 104 HSCs per cm2 on planar surfaces
and at 1.73Ö 104 HSCs per cm2 on structured surfaces. Prior to single cell analysis samples were
placed in a humidied cell incubator at 37 °C and 5% CO2.
5.3.3 HSC Characterization by FACS
HSCs were analyzed for cell surface marker expression by FACS analysis. FACS was performed to
characterize cell surface marker expression by HSC. HSCs were harvested directly from solution
or by trypsinization after surface adhesion. Cells were washed in PBS buer containing 0.5%
FBS and the pellet was resuspended in 80 µl buer. Phycoerythrin (PE) conjugated anti-CD133
or allophycocyanin (APC) conjugated anti-CD34, uorescein isothiocyanate (FITC) conjugated
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anti-CD38 or anti-CD45 were used to characterize the degree of dierentiation of HSCs. Ap-
plied concentrations are according to suppliers recommendation. After antibody incubation for
10min at 4 °C, the cells were washed in buer and analyzed directly in a FACS Calibur. An
isotype control using the same cell material applied to isotype specic APC, FITC or PE conju-
gated antibodies at the same concentration was used to detect background staining by unspecic
antibody binding.
5.4 Analysis of HSC Adhesion and Single Cell Analysis of HSC
Fate
During detailed studies on cell adhesion, parameters such as the fraction of adherent cells, the
structure of adhesion areas, the adhesion area and adhesion strength were analyzed in situ on
planar surfaces by sequential phase contrast imagin, DIC, RICM, and centrifugal force or shear
stress methods. In antibody blocking experiments, surface molecules involved in the adhesion
formation were identied.
Time-discret and time-continuous analysis of cell localization on structured surfaces were per-
formed by confocal laser scanning microscopy and time-lapse microscopy combined by a complex
image analysis.
5.4.1 Sequential Phase Contrast Imaging
Sequential phase contrast imaging was used to analyze the fraction of adherent cells.
Freshly isolated HSCs or HSCs after 6 days pre-culture in a culture ask were analyzed after 3
or 24 hours of cultivation on matrix-coated coverslips. Two phase contrast images were taken
sequentially with a time delay of 5-10 s at 5 dierent objective positions per surface. An overlay
of the two images per position was used to identify stationary (adherent) and oating (non-
adherent) cells. Phase contrast images were taken by an Olympus microscope and a 10x dry
objective.
5.4.2 DIC and RICM
DIC and RICM were applied to characterize the formation of adhesion areas depending on ECM
coatings.
Freshly isolated HSCs were analyzed after 24 hours of cultivation on matrix-coated coverslips.
Adhesion areas were analyzed by RICM at a wavelength of 555 nm using a uorescence microscope
(IRBE) equipped with a 100/1.25 N Plan Oil RC objective, polarizer, beam splitter, and crossed
analyzer. Both, microscope table and objective, were heated to 37 °C. DIC images were taken
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with the same microscope setup using standard lter sets. An overlay of sequentially taken RICM
and DIC images at the same position allowed for a dierentiation of adherent from non-adherent
cells.
Absolute adhesion areas were measured from the area of the rst intensity minimum in RICM
images using the free available software ImageTool (ImageTool 3.00, UTHSCSA, San Antonio,
USA). About 20-30 cells were analyzed for each ECM-coating in three to four independent
experiments.
5.4.3 Adhesion Strength Analysis under Shear Stress
Adhesion strength analysis under shear stress were performed at the Universitätsklinikum Carl
Gustav Carus, Medizinisch -Theoretisches Zentrum, Dresden, lab of Prof. Schnittler. For that,
HSCs were isolated, harvested in a culture ask overnight, seeded on ECM-coated glass chambers
at a concentration of 1.96Ö 104 HSCs per cm2 and, after 24 h of cultivation, samples were placed
in a rheometer device. A linear increasing, but radial independent, centrifugal force was applied
for 30min to reach a maximal shear stress of 20Pa. By taking images at a rate of 10 s, the
number of cells still attaching was counted and a threshold at 10% residing adherent cells was
used to dene ECM-dependent detaching shear stress.
5.4.4 Adhesion Strength Analysis under Centrifugal Forces
The adhesion strength of HSCs depending on centrifugal forces was analyzed from cells grown
in ECM-coated 96well plates for 24 hours. 360µl of adhesion media were used per well to fully
ll the wells. To enable the application of horizontal centrifugal forces without lost of media,
the well plates were covered with a silicone sealing mat and placed in a spincoating device.
The velocity of 3000 rpm was applied for 3min with an acceleration of 1 rpm per s. Before and
after-centrifugation images of each well allowed for determination of the fraction of adherent
cells.
5.4.5 Adhesion Blocking Experiments
Cell surface molecules inducing cell adhesion were identied in antibody blocking experiments.
The specicity of cell adhesion on the ECMmolecules FN, LN, CIV, HE, HS and HAwas analyzed.
For studies on FN surfaces the HSCs were incubated in suspension with a blocking or non-
blocking CD49E antibody. Cell adhesion on HE surfaces was tested by cultures without SCF in
the cell culture medium, or by blocking certain epitopes by CD31, CD45, or CD62L antibodies.
Involvement of CD44 receptors in adhesion on HA was tested by modication of cells with anti-
CD44 antibodies. Antibody incubation was done in suspension prior to cultivation. Cells were
portioned in sterile 2ml Eppendorf tubes, centrifuged, and after removing the supernatant the
antibody concentration was adjusted to 8 µg/ml in the cell pellet volume. After incubation for
30min under cell culture conditions, 0.5ml of pre-warmed cell culture media was added and
non-bound antibody was removed by centrifugation.
5.4.6 Time-Lapse Imaging
Dynamic properties of HSCs related to cell localization, genealogy and morphology were observed
at single cell level using time-lapse microscopy.
Samples with HSCs grown on FN-coated microcavities for about 20 hours in a cell incubator
were placed in a time-lapse microscope setup for 4 days. The microscope includes an AxioVert
200 supplemented with an incubator XL heated at 37 °C, a CO2 controller adjusted at 5.5% CO2
in the gas stream, a humidier and a shutter for transmitted light. Images were taken with an
AxioCam MR or MRc and a 20Ö objective in bright eld mode at a frame rate of 50 s. Image
storage was performed on a Fujitsu Siemens Celsius R650 workstation. Sequential imaging as
well as multi-positioning was enabled by AxioVision 4.7. The microcavities vary in their diameter
(15 or 30 µm) and have a depth of 10 µm equal to the mean HSC diameter.
5.4.7 Matlab Routine for Image Processing of Cell Number and Location
Deklaration und Eingabe von Werten
lename=input('Bild-Filename (.tif): ','s');
x0=input('x Koordinate erstes Kavität (pixel):');
y0=input('y Koordinate erstes Kavität (pixel):');
xmax=input('x Koordinate letztes Kavität:');
ymax=input('y Koordinate letztes Kavität:');
xlochzahl=input('Anzahl derKavitäten in x Richtung:');
ylochzahl=input('Anzahl der Kavitäten in y Richtung:');
radius=input('Radius der Kavitäten:');
abstandx=input('Kavitätenabstand in x Richtung:');




bild = imread([lename,'.tif']); Einlesen des Bild-Files
bild1 = imadjust(bild, [], [0 1]); binärbild erstellen
gure, imshow(bild1), title('bild1'); pause; intensitätsbild
bild2 = edge(bild1, 'sobel', graythresh(bild1) *.1); strukturerkennung
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gure, imshow(bild2), title('bild2'); pause;
bild3 = bwmorph(bild2,'bothat'); strukturen schlieÿen und originalbild subtrahieren
gure, imshow(bild3), title ('bild3'); pause;
bild4 = imll(bild3, 'holes'); Kavitäten schlieÿen
gure, imshow(bild4), title('bild4'); pause;
bild5 = bwmorph(bild4,'spur',2); spurelemente bis 2 pixel entfernen
gure, imshow(bild5), title ('bild5'); pause;
bild=bild5; gure, imshow(bild), title('binary image'); pause;
Berechnungen




b=((x)^2+(y)^2)^(1/2); Abweichung von xmax, ymax theoretisch
d=(((xKavitätzahl-1)*abstandx)^2+((yKavitätzahl-1)*abstandy)^2)^(1/2);
Winkel Korrektur

































5.5 Register of Chemicals and Devices
The following tables summarize the main chemicals and devices applied in this work.
Table 5.1: Chemicals and materials for cell culture and cell xation.
Chemicals Supplier
antibiotic (amphotericin, penicilin,
streptomycin) Sigma Aldrich, Deisenhofen, Germany
HSA Sigma
CD133 indirect Isolation Kit
Miltenyi Biotec, Bergisch Gladbach,
Germany
cell media (CellGro® SCGM) CellGenix, Freiburg, Germany
cell tracker green Invitrogen, Carlsbad, USA
center-well culture dish BD Bioscience, Heidelberg, Germany
DMSO Fluka, Deisenhofen, Germany
DTSSP Pierce, Rockford, USA
EDTA Sigma




paraformaldehyde Fluka, Deisenhofen, Deutschland
stem cell factor (SCF) Strathmann, Hannover, Germany
SDS Sigma
thrombopoietin (TPO) R & D, Mannheim, Germany
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Table 5.2: Chemicals and materials for surface preparation and analysis.
Chemicals Supplier
1.4-diaminobutane Fluka, Munich, Germany
3-aminopropyl-triethoxy-silane (amino-silane) Fluka, Deisenhofen, Germany




carboxytetramethylrhodamine FluoReporter Invitrogen, Karlsruhe, Germany
coverslips (#1 or 1.5) Menzel, Braunschweig, Germany
coverslips (#1.5 for RICM) CORNING,







heptane Merck, Darmstadt, Germany
hydrochloric acid Sigma Aldrich, Munich, Germany
hydrogen peroxide Merck, Darmstadt, Germany





Sigma Aldrich, Munich, Germany
nusil MED-1511 Polytec, Waldbronn, Germany
PBS Fisher, Schwerte, Germany
PEMA (MW125000) Sigma Aldrich, Munich, Germany
sodium hydroxide (NaOH)
sylgard 184 Dow Corning, Senee, Belgium
tetrahydrofuran Fluka, Deisenhofen, Germany
toluene Acros Organics, Geel, Belgium
TRIS-buer Sigma Aldrich, Deisenhofen, Germany
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LN human placenta 0.05 195 Sigma, Munich, Germany
CI bovine 0.3 n/a Vitrogen, Palo Alto, USA
tropoCI bovine 0.1 n/a Vitrogen, Palo Alto, USA
CI-FITC bovine 3% n/a Invitrogen, Karlsruhe, Germany




mucosa 1 4 - 6 Fluka, Munich, Germany
HE-FITC n/a 6% n/a Invitrogen, Karlsruhe, Germany
HS
porcine intestinal
mucosa 1 n/a Sigma, Munich, Germany
HA
human umbilical
cord 1 750 Sigma, Munich, Germany
HA-FITC n/a 6% 800 Sigma, Munich, Germany
Table 5.4: Primary and secondary antibodies.
Antibody Isotype Clone Label Supplier
FACS
CD133/2 IgG2b AC141 PE Miltenyi Biotec
CD34 IgG2a AC136 APC Miltenyi Biotec
CD34 IgG1 8G12 PE Becton Dickinson
CD38 IgG1 HB7 FITC Becton Dickinson
CD45 IgG1 H130 FITC Becton Dickinson
ISO IgG2a X39 APC Becton Dickinson
ISO IgG1 X40 FITC Becton Dickinson
ISO IgG1 X40 PE Becton Dickinson
Adhesion Studies
CD49e
blocking SAM1 Beckman Coulter
CD49e
non - blocking VC5 Becton Dickinson
CD62L Dreg56 Becton Dickinson
CD31 1F11 Beckman Coulter
CD44 F10442 Serotec
CD45 H130 Becton Dickinson
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Table 5.5: Experimental devices.
Cell Culture
Device Company
autoclave (D23) Systec, Wettenberg, Germany
Casy Cell Counter Schärfe Systems, Reutlingen, Germany
FACS Calibur Becton Dickinson, Heidelberg ,Germany
cell incubator Kendro, Langenselbold, Germany
Surface Preparation and Quantitation
critical point dryer (CPD 030) BAL-TEC, Schalksmühle, Germany
HPLC (Agilent 1100 capillary LC systen)
Agilent Technologies Deutschland,
Böblingen, Germany
Lyophilizator (Lyovac GT2) GEA Lyophil GmbH, Hürth, Germany




Snow Jet Medatech Limited, Staordshire, UK
sputer coater (SCD 50) Baltec, Schalksmuehle, Germany
XPS (Amicus and Axis) Kratos Analytical, Manchester, U.K.
Microscopy
AxioVert 200 Zeiss, Göttingen, Germany
Olympus IX 50
Olympus Europa Holding GmbH,
Hamburg, Germany
AxioCam MR, AxioCam MRc Zeiss, Göttingen, Germany
AxioVision 4.7 Zeiss, Göttingen, Germany
IRBE Leica, Wetzlar, Germany
LSM (TCS SP1) Leica, Wetzlar, Germany
SEM (XL 30 ESEM FEG) Phillips, Eindhoven, Netherlands
10Ö/0.3dry Leica, Wetzlar, Germany
20ÖPh2/0.2 dry Zeiss, Göttingen, Germany
100/1.25 N Plan Oil RC Leica, Wetzlar, Germany
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